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Abstract 
 
Portland cement a binder material, is one of the most widely used materials in the construction 
industry. As it is cheap, diverse, with excellent material properties and can be adopted for many 
application processes and forms. In nature there also exist various processes that cause and can 
induce cementation, and consolidation of particles. In recent years attempts have been made to 
study, and adopt suitable processes that could cause biocementation. The most promising of them is 
the use of ureolytic bacteria, as they are widely available in the soil and natural environment, can be 
easily controlled and have the ability to produce cementation at comparatively much faster rate. The 
ureolytic bacteria, hydrolyse urea to produce carbonate ions and in the presence of free calcium ions 
precipitate calcium carbonate. If the saturation levels of the calcium carbonate produced are 
sufficiently high, it will precipitate forming bonds and consolidating its surroundings. For the 
bioconcrete to have comparable strengths to that of Portland cement. High amounts of calcium 
carbonate precipitation are needed, to produce high compressive strength. The strength formation is 
also linked to other factors like quantity of bacteria, dry density and urease activity. Hence an in-
depth understanding of the bacteria, growth conditions, cementation materials and application 
process is needed.  
 
This thesis looks into the formation of a concise data base of the materials used in biocementation, 
their effects and concentrations. The process of biocementation exists in two stages: growth of 
bacteria and biocementation. The biocementation stage is further divided into the bacterial injection 
phase and cementation phase, which are independent of each other. Based on the information 
gathered and analysed, processes for biocementation are proposed and further studied. In this study 
it has been concluded that by adapting the process for the formation of bioconcrete for use in the 
precast industry where strengths greater than 20Mpa can be achieved. And that scope for research 
and further gains in strength is possible. The material properties and potential defects that could 
arise have also been reviewed in this thesis. Also proposals for improvements and precautionary 
measures have been established. 
 
Keywords: Bacterial concrete or bioconcrete, Portland cement, Biocementation 
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Resumen 
 
El cemento portland, es un material aglomerante, uno de los materiales más utilizados en la 
industria de la construcción, por ser barato, con propiedades excelentes y por ser usado en los 
diferente procesos de aplicación y formas. En la naturaleza también existen diversos procesos que 
pueden inducir a la cementación, y la consolidación de las partículas. En los últimos años se han 
hecho intentos para estudiar y adoptar los procedimientos adecuados que podrían causar la 
biocementación. El más prometedor de ellos es el uso de bacterias ureolíticas, ya que están 
ampliamente disponibles en el suelo y el medio ambiente, pueden ser controladas fácilmente y 
tienen la capacidad para producir cementación a una velocidad comparativamente mucho más 
rápida. Las bacterias ureolíticas, hidrolizan la urea para producir iones de carbonato y en presencia 
de iones de calcio libres, precipita carbonato de calcio. Si los niveles de saturación del carbonato de 
calcio producido son suficientemente altos, se precipita la formación de enlaces y la consolidación 
de su entorno. La resistencia del biohormigón es comparable a la de cemento Portland. Grandes 
cantidades de precipitación de carbonato de calcio son necesarias para producir resistencia a la 
compresión. La formación de la resistencia también está vinculada a otros factores como la cantidad 
de bacterias, la densidad seca y la actividad de la enzima ureasa. Por lo tanto, es importante estudiar 
en profundidad a las bacterias, sus condiciones de crecimiento, los materiales de cementación y el 
proceso de aplicación necesaria. 
 
Uno de los objetivos de esta tesis es crear una base de datos concisa de los materiales utilizados en 
la biocementación, sus efectos y las concentraciones. El proceso de biocementación existe en dos 
etapas: el crecimiento de bacterias y la biocementation. La etapa de biocementación se divide en la 
fase de inyección bacteriana y la fase de cimentación propiamente, que son independientes la una de 
la  otra. Según la información revisada y analizada, propongo un proceso para la creación de 
biocementation y su análisis posterior. En este estudio se concluye que, adaptando los procesos 
existentes de biocementacion para la formación de biohormigon en el uso de la industria de la 
prefabricación, podemos logar una resistencia superior a 20Mpa, y siguiendo las investigaciones 
posiblemente se pueda conseguir una resistencia aún mayor. En esta tesis se han revisado las 
propiedades del material y los posibles defectos que puedan surgir con propuestas de mejora y con 
todas las precauciones previstas. 
 
Palabras clave: Hormigón bacteriano o Biohormigón, Cemento Portland, Biocementación 
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1. Introduction 
 
 
 
 
Summary 
 
A brief study on the state-of-the-art concrete; urges us to investigate into alternate substitutes for 
Portland cement. As in the production of Portland cement, large amounts of carbon dioxide are 
released into the atmosphere. However, due to the extremely beneficial properties of concrete, 
attempts have been made to look for other cementation processes in the natural environment that 
can be substituted for the use of Portland cement. 
 
The use of microbial calcite precipitation for the formation of bio-concrete is a possibility. Various 
studies have been conducted by different researchers, in the application of microbiologically 
inducing calcium carbonate precipitation (MICP) for repair of historic buildings, soil reinforcement 
and bio-grouting. In majority of the studies done, ureolytic bacteria have been used for the 
production of carbonate ions through the hydrolysis of urea. There exist in nature three different 
processes that can be harnessed for carbonate precipitation: carbon fixation, sulphate reduction and 
urea hydrolysis. Out of these, urea hydrolysing bacteria are preferred as they are easy to control and 
comply with the three prerequisites needed: (i) Provide abundant nucleation sites, (ii) high urea 
hydrolysis rate, (iii) resistant to cementation solution and resistant to varying pH. 
 
The ureolytic bacteria chosen and being considered for biocementation- S. pasteurii, abides by all 
the aforementioned criteria. It is found very commonly in the soil and decomposing matter, also it is 
an aerobic bacterium and does not pose any risk to the environment, through adaptation as 
mentioned by Whiffin (2004). S. pasteurii has an interesting process of urea hydrolysis, where it 
couples it with the ATP generation for normal metabolism of the cell. And as such the ATP 
generation is dependent on the proton motive force which in turn is dependent on the charge 
gradient and the membrane pH gradient of the environment. The optimum growth pH for S. 
pasteurii is 9.25, which corresponds to the pKa value for ammonium (50:50%, ammonium, 
ammonia). 
 
The process of biocementation as mentioned above has to be divided into two phases in order to 
prevent premature precipitation of calcium carbonate and clogging. Also time is needed in order to 
improve bonding of cells to the aggregate particles, and the flow rate of cementation solution needs 
to be controlled in order to avoid flushing out of the bacteria, homogenous cementation, and 
complete calcium carbonate precipitation. 
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1.1 Background study 
 
Portland cement concrete is one of the most widely used construction material in the world, and is 
currently being increasingly used in modern construction. It is cheap, diverse, takes any form 
imaginable and has highly desirable material properties. In the production of concrete, mainly the 
production of Portland cement, large amounts of carbon dioxide are released into the atmosphere, 
this is increasingly becoming a cause for concern and alternate substitutes are being researched into.  
 
Due to the extremely beneficial properties of concrete, attempts have been made to look for other 
cementation processes in the natural environment that can be substituted for the use of Portland 
cement. As such the precipitation of calcium carbonate (CaCO3) by organisms has proven to be 
quite an interesting alternate. Due to the fact that these processes exist in nature and use naturally 
existing components for the carbonate precipitation process, leads us to believe that the 
environmental impacts of this material will not be as strong as Portland cement. 
 
Up to date various studies are being conducted, where Microbiologically Induced Calcium 
carbonate Precipitation (MICP) is used for ground reinforcement, surface treatment, bricks, self-
healing of conventional concrete and restoration of historic monuments. 
 
 
1.2 What is Microbiologically Induced Calcium carbonate 
Precipitation (MICP)? 
 
Bio-mineralisation is the science of precipitation of minerals by living organisms. Both eukaryotic 
and prokaryotic organisms deposit minerals (Stocks-Fisher et al.  1999). Some examples of:  
(i) Eukaryotic organisms: like plants that produce cystolith inclusion in leaves and animals 
that form bones, teeth and shells. 
(ii) Prokaryotic organisms like bacteria they have the remarkable ability to precipitate 
minerals such as calcites, carbonates, phosphates, oxides, sulphides, silicates, silver and 
gold. 
 
In MICP the mineral calcium carbonate is precipitated by the microorganisms. Biocementation is 
this phenomenon that occurs widely in the natural environments over large time frames, for 
example in the formation of stalactites, stalagmites and sea shells. However, for industrial use this 
time frame has to be reduced. Hence to achieve this, the rate of the reaction is accelerated by the 
addition of suitable compounds to the process.  
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1.3 Natural processes that produce calcium carbonate precipitation 
 
Naturally there exist three groups of organisms that can induce Microbial Carbonate Precipitation 
(MCP) and where biocementation could be a by-product and beneficial (Castanier et al.  1999; 
Hammes and Verstraete 2002): 
(i) Photosynthetic organisms like cyanobacteria and algae, present in water and that can 
remove carbon dioxide CO2. 
(ii) Sulphate reducing bacteria that are responsible for dis-assimilatory reduction of 
sulphate. 
(iii) Some organisms that are involved in the nitrogen cycle; either ammonification of 
amino acids/ nitrate reduction/ hydrolysis of urea  
 
1.3.1 MCP in water 
In the below equations, the carbonation takes place in the presence of Carbon dioxide “CO2” and 
calcium ions “Ca+2”. The metabolic processes of algae and cyanobacteria utilize dissolved CO2 (I), 
which is in a state of equilibrium with HCO3- and CO32-(II). The removal of CO2 from the water 
causes a shift in the equilibrium and results in increased pH. (III). If this reaction occurs in the 
presence of calcium ions, calcium carbonate is precipitated. 
Equations 
(I) CO2 + H2O   (CH2O) + O2 
(II) 2HCO3-       CO2 + CO32- + H2O 
(III) CO32- + H2O  HCO3- + OH- 
(IV) Ca+2 + HCO3- + OH-  CaCO3 + 2H2O 
 
1.3.2 Microbial sulphate reduction 
Calcium carbonate can also be precipitated by heterotropes, for example the abiotic dissolution of 
gypsum (CaSO4.2H2O).  In the presence of organic matter and absence of oxygen, sulphate 
reducing bacteria can reduce sulphates “H2S” and releases HCO3-. This reduction of “H2S” gas 
causes an increase in the ph. And thus the precipitation of calcium carbonate. 
Equations 
(V) CaSO4.2H2O   Ca2+ + SO42-  + 2H2O 
(VI) 2(CH2O) + SO42-  HS- + HCO3- + CO2 + H2O 
 
1.3.3 MCP in nitrogen cycle 
Microorganisms can also cause the precipitation of carbonates, by the ammonification of amino 
acids, nitrate reduction and hydrolysis of urea by the enzyme urease. The enzyme will produce 
carbonate ions in the presence of ammonium, and considering the presence of calcium ions, calcite 
will be precipitated. 
Equations 
(VII) CO(NH2)2 + 2H2O   CO32- + 2NH4+ 
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1.4 MCP by urea hydrolysis 
 
In most of the applications of MICP stated above, urea hydrolysing bacteria are used; since the 
process is the easiest to control and the materials required are relatively cheap and easily available 
in the natural environment Another advantages over the other carbonate generating pathways, is that 
it has the potential to produce high amounts of carbonate within a relatively short period of time.  
 
In MICP by urea hydrolysis, the enzyme urease catalyses substrate urea and precipitates carbonate 
ions in presence of ammonium. These carbonate ions in presence of a calcium source readily 
precipitate CaCO3. This urea hydrolysis is the result of metabolic processes, which depends on the 
type of bacteria being used. 
 
Further information on the various application of MICP being investigated, have been summarised 
in Appendix.  
 
1.4.1 Urease  source 
There are many other sources also where the enzyme urease can be obtained from, like Jack bean, 
mulberry leaf, etc… However, bacterial cells are preferred over plants as a urease source for 
biocementation. This is mainly as for biocementation with high strength to occur, nucleation sites 
are needed where CaCO3 crystal can grow and form bonds within sand grains. In plant sourced 
urease, the enzymes do not attach themselves to the sand particles, as the CaCO3 formed is not 
grown around the sand particle, but deposited in layers (loosely packed). While in bacterial cells, 
they themselves act as nucleation sites, causing localized cementation at specific points that can be 
controlled; thus forming stronger bonds with the sand particles.  
 
Although urease activity is widely spread among different groups of microorganisms, mainly 
microorganisms closely related to Bacillus group were shown to proliferate and express the urease 
gene under the biocementation cultivation conditions. The most commonly used bacterium for 
various investigations is Sporosarcina pasteurii (formerly known as Bacillus pasteurii), as urea 
hydrolysis is coupled with the ATP generation and the enzyme urease is present in the cytoplasm of 
the bacterial cell.  
 
1.4.2 ATP Generation (Whiffin 2004) 
S. pasteurii has a unique mechanism, for the formation of ATP, which involves the coupling of 
ATP generation with urea hydrolysis. The ATP generation is controlled by proton motive force 
(∆P), which is the sum of the transmembrane pH gradient (∆pH) and the charge gradient or 
membrane potential (∆Ѱ).  
∆P =  ∆pH + ∆Ѱ 
 
Neutrophilic organisms generate ATP from the chemosomotic proton gradient, generated by 
pumping protons out of the cell, from the electron transport chain. This proton concentration 
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gradient (high outside/ low inside) drives protons back into the cell through ATP synthesis resulting 
in ATP generation.  
The environment of alkaliphilic growth is high pH (low proton concentration) outside and low pH 
(high proton concentration) inside the cell, resulting in a reversed ∆pH, with the tendency for 
protons to move from the inside to the outside of the cell, opposite to the natural direction for ATP 
generation. To combat this, alkaliphiles develop two alternative means to increase proton motive 
force and drive protons into the cell for ATP generation. 
 
Alkalinisation of the cytoplasm resulting in reduced ∆pH,- this is only tolerated with a small pH 
range. Efflux of cations other than H+, resulting in an increase in ∆Ѱ. If the charge separation across 
the membrane is large enough, proton motive forces become sufficient to drive the influx of protons 
into the cell. In the case of S. pasteurii, the type of proton being expelled depends on the growth 
culture process. Cell grown in low urea concentration (1.5 mM), the ions that can be transported are 
K+, Na+ or NH4+. In the case of high concentrations of urea (300mM), only NH4+ can be expelled.  
This phenomenon leads to the increase of ∆Ѱ (Refer Figure 1.1.). 
 
 
 
 
 
  
Figure 1.1: Coupling of urea hydrolysis and ATP generation in S. pasteurii as suggested 
by Jahns et al. (1996) 
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1.4.2.1 Reaction involved: 
1. Urea diffuses into the cell according to the concentration gradient.  
2. Urea is hydrolysed by urease which results in alkalinisation of the  cytoplasm to pH 8.4 and a 
decrease in ∆pH (difference in pH between inside and outside of the cell). 
3. Ammonium ions are removed from the cell according to ammonium concentration gradient, 
which results in an increase in ∆Ѱ (membrane potential – difference in charge between inside 
and outside of the cell).  
4. The increased membrane potential is reversed by driving in protons against the concentration 
gradient into the cell, which results in ATP generation. 
 
 
1.4.2.2 Ammonium half dissolution constant 
S. Pasteurii has a high urease activity; as such the urea is broken down to NH4+ and CO32- in the first 
few hours. After the urea is depleted from the medium (urea is in fluxed into the cell passively, 
through the cell membrane.). The optimum growth pH value for S. Pasteurii is “9.25”, at this pH the 
concentration of NH3 and NH4+ ions are 50% and 50%, half dissociation constant (pKa). As 
illustrated in the Figure 1.2. 
 
 
 
 
 
 
 
 
 
 
 
1.5 Formation of bio-film and precipitation of CaCO3 (De Belie et al. 2010) 
 
To protect themselves in the hostile environment of the biocementation process, the 
microorganisms form bio-films. A bio-film is an assembly of microbial cells, dead or alive, 
embedded in extra-cellular polymeric substance. In addition, organic or inorganic particles may be 
present. A bio-film balances moisture transfer and protects the microorganism against extreme 
temperatures and toxic impact of salt and heavy metals. About 90% of all microorganisms in the 
natural environment are found attached to surfaces, because of prevailing nutrient conditions, 
through the use of bio-films. 
 
Figure 1.2: Chemical speciation of ammonia (NH3) (o) and Ammonium (NH4+) (●) according to pH. 
Note the pKa of ammonia (pH where the two species exist in a 50:50 ratio) is 9.25, which is the growth 
optimum for S. pasteurii (Source: Whiffin (2004)) 
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CaCO3 precipitation requires sufficient calcium and carbonate ions, so that the ions activity product 
(IAP) exceeds the solubility constant (Kso) resulting in an over-saturated system. The concentration 
of the carbonate ions is related to the concentration of the dissolved inorganic carbonate (DIC) and 
the pH of the given aquatic system. In addition the DIC also depends on several environmental 
parameters, such as temperature and partial pressure of carbon dioxide. 
 
Microorganisms can influence precipitation by altering almost any of the precipitation parameters 
(Refer Section 1.6).  However the primary method has been their ability to create an alkaline 
environment through various physiological activities. As a result of the negative charge or the ζ- 
potential (measure of the potential of the electric layer) of the cell surface, calcium ions bond to the 
cell wall. If high concentrations of calcium ions close to the bacteria and carbonate ions are present 
in super-saturation level; precipitation of CaCO3 crystals will occur on the bacterial cell  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.6 Process of MICP for biocementation 
 
The initial process suggested for biocementation by Whiffin (2004) involved two stages. The first 
being the bacterial growth stage and the second being the cementation stage. This was suggested to 
prevent the premature precipitation of the CaCO3. In the first experiment by Whiffin (2004) the 
bacteria and the cementation solution were premixed moments prior to its injection. However this 
method failed as it clogged the beginning part of the test column and prevented overall 
homogeneous cementation. As such the preferred process of biocementation contains two main 
stages: the bacterial growth and the cementation stages, which are injected independent of each 
other and are either supplied in batch form or continuous flow. 
 
 
Figure 1.3: Principle of Calcium carbonate precipitation by ureolytic bacteria 
(Source: De Belie et al. 2010) 
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1.6.1 Bacterial growth stage 
The bacteria are cultivated in a growth medium, containing a protein source, Calcium chloride and 
Ni+ ions, till the urease activity is at its highest (late exponential) or early stationary phase. The 
bacteria are harvested and stored at 4oC and suspended in the growth medium, if required (van 
Paassen 2009). 
 
1.6.2 Biocementation stage 
The biocementation stage involves 4 phases: 
• Flushing of the matrix material with distilled water, in order to remove any impurities. 
• Injection of bacterial suspension throughout the porous media; followed by injection of 
fixation solution. 
• Injection of cementation solution containing calcium ions and urea.  
• Flushing of waste material through the injection of water, in order to prevent contamination 
with extensive amounts of ammonia and chlorine. 
Phase Description Duration 
(h) 
Flow rate 
(Lh-1) 
Details 
Rinse Water flush 30.7 0.35 Tap water 
Placement Bacterial injection 18.1 0.35 OD600: 1.583 
Act: 0.23mS min-1 
CaCl2 injection 17.1 0.35 0.05 M CaCl2 
Cementation Reaction fluid injection 24.9 0.35 1.1 M urea and CaCl2 
No flow - reaction 102 0.00 -------------------- 
Rinse Water flush 23.7 0.35 Tap water 
Table 1.1: The batch injection process of precipitation of calcium carbonate by bacteria for the purpose of 
controlled biocementation. As suggested by Whiffin et al. (2007) 
 
 
1.7 Principal parameters governing CaCO3 precipitation for 
biocementation 
 
1.7.1 The calcium and carbonate concentration  
The calcium and carbonate concentrations can have a positive or negative effect on the precipitation 
rate and / or inhibitory effect on the CaCO3 production by the bacteria. Urea hydrolysis generates 
carbonate ions at a 1:1 molar ratio. Hence with increased urea, carbonate concenrations can be 
increased to facilitate CaCO3 saturation. 
 
1.7.2 The pH of the environment (which controls carbonate speciation, and calcium carbonate 
solubility) 
The pH of the environment has a positive or negative effect on the rate of carbonation by the 
bacteria, precipitation of CaCO3 in the medium and type of crystals formed. 
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1.7.3 The presence of nuclation sites 
The presence of nucleation sites is important as it governs the homoginity of the carbonation and 
also the strength of the carbonate being produced (by the production of CaCO3 at specific points). 
Depending on the type of microorganism being used the above outcomes will vary, and so also the 
material properties of the CaCO3 produced.  
 
 
1.8 Role of biological processes (DeJong et al. 2008) 
 
Biological activity provides an ability to control and manage the time, rate, and spatial distribution 
of the chemical network reaction, and hence the by-products which control the properties of the 
precipitate and the matrix material. Once the chemical reaction network is triggered the desired rate 
of by-product production is governed by the rate of microbial metabolic processes and / or the 
available chemicals. 
 
The improvement to material properties is not realized, unless the by-products are spatially located 
in the specific region of the matrix as required. In the case of bio-mineralization, the inorganic 
precipitates that form at particle- particle contacts are the most important. 
 
 
1.9 Thesis Objectives 
 
This study is conducted in the attempt to understand the process of biocementation, and how it can 
be utilized in the production of bio-concrete, through CaCO3 precipitation. In order to achieve this, 
the main objectives of the thesis are: 
 
1.9.1 To review the processes in nature that causes calcium carbonate precipitation, in 
order to select an appropriate method and define the phases involved during the 
biocementation process, for the production of bio-concrete. 
1.9.2 To review the raw materials and conditions needed in the process of biocementation. 
1.9.3 To review factors affecting calcium carbonate precipitation and its properties. 
1.9.4 To review factors affecting bacterial retention. 
1.9.5 To review the effect of the materials used on the mechanical properties.  
1.9.6 To propose an appropriate method for production of bio-concrete. 
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1.10 Research approach 
 
1.10.1 Main research approach 
The determination of a suitable method for the production of bioconcrete using MICP is the main 
purpose of this methodology. Hence, this research reviews all the available data on MICP for 
biocementation process and deduce the above stated objectives.  
 
1.10.2 Background research 
The above mentioned studies will be conducted based on PhD theses and research papers done at 
various universities and different researchers, for the purpose of bio-grouting, soil consolidation, 
etc. to achieve a concise database, which can be used to determine the materials and conditions 
necessary for the production of bio-concrete. This will also indicate to further research that can be 
done in this field.  
  
 
1.11 Thesis outline 
 
In chapter one the types of processes that cause calcium carbonate precipitation in nature are 
reviewed. Further the most suitable method is identified based on pre-determined criteria. This 
chapter also includes a brief description on biocementation.  
 
As will be seen, ureolytic bacteria are most suitable for biocementation; as such the function of 
urease enzyme in the hydrolysis of urea with the conditions for growth of the bacteria that enhance 
urease activity are reviewed in chapter two. Also the various materials necessary for biocementation 
are listed with their effects on urease activity and biocementation process. Information on these 
topics has been compiled from the PhD theses of Victoria Whiffin, Murdoch University (2004); 
Salwa M. Al-Thawadi, Murdoch University (2008) and L.A. van Paassen, TU Delft (2009).  
 
In order to improve the mechanical properties of the bio-concrete, the amount, the morphology and 
the properties of the precipitated calcium carbonate crystals are review in chapter three. 
 
The conditions affecting retention of bacteria in the matrix material are reviewed in chapter four, so 
as to understand its implications on the mechanical properties of the bio-concrete. 
 
The implications of the above factors on mechanical strength are reviewed and summarized in 
chapter five. 
 
Assuming all the above information as a data base, an attempt is made in chapter six to formulate an 
appropriate production process for bio-concrete, to be used in the precast industry. 
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2. In-depth understanding of the materials 
used in the biocementation process and 
their effects on urease activity  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Summary 
Urease activity is the rate at which the enzyme urease hydrolysis the substrate urea. The bacteria S. 
pasteurii produces this enzyme in the cytoplasm of the cell for ATP generation. If we want to 
modify the urease enzyme or urease activity, we can only intervene in the translation phase of the 
enzyme or modify the enzyme once it produces, as suggested by Whiffin (2004). The urease 
enzyme is non-constitutive in nature, where its activity is independent of urea and ammonia, but 
varies with the presence of calcium, pH, temperature and calcium nitrate. 
 
The biocementation process consists of two phases: growth phase and cementation phase. The 
materials used in the growth phase are the protein source, nickel ions and bacteria S. pasteurii. 
Currently yeast extract is being used as a protein source; as it does not leave behind large particulate 
matter that could cause problems during injection of the fluids. However it is expensive. Cheaper 
alternate protein sources that could be supplemented are also listed; among which vegemite or 
vegemite mixed with acetate are rich source of protein. These sources are relatively much cheaper 
than yeast extract, however would need some processing (centrifuge) which would be a small 
additional cost. Waste water is also an excellent source of protein for bacterial culture, although it 
will require considerably more treatment and processing prior to use, due to the additional risk of 
unknown contaminants and bacteria.  
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In the case of using yeast extract it has been noted that the optimum concentration for the growth 
medium is 10gL-1, any further increase in the concentration does not result in any significant 
increase in biomass. The effect of addition of 10µM nickel ions to the bacterial culture results in a 
threefold increase of urease activity, and higher concentrations causes inhibition, however still 
showing a two fold increase.  
 
The materials used in the cementation solution are urea and calcium ions. Urea has no significant 
effect on urease activity. However the urease activity may be increased by the addition of small 
quantities of urea and calcium ions causing the cells to flocculate. Through urea hydrolysis 
carbonate ions produced. For every urea molecule hydrolysed two molecules of ammonia are 
released, and regarded as the major waste product produced during biocementation, but has no 
significant effect on urease activity below 3M.L-1. 
 
The calcium ion added to the cementation solution can come from many sources like calcium 
nitrate, calcium chloride, calcium lactate or calcium acetate. Whiffin (2004) assessed the effects of 
calcium nitrate on urease activity and concluded that it inhibited urease activity and could be added 
only to 0.75M without serious inhibition. Through the equimolar concentration of calcium nitrate 
and calcium chloride the total molar concentration could further be increased to 1.5M of calcium 
ions. Al-Thawadi (2008) proved that calcium chloride did not significantly decrease the urease 
activity at 1M concentration. Further testing proved that up to 1.5 moles of cementation solution 
could be added with a linear increase in calcium carbonate precipitation. The presence of calcium or 
other salts also cause a proportionate decrease in urease activity, which tends to be totally inhibited 
at concentrations of 2M.  
 
The optimum pH for urease activity is 8.5. Although the urease activity is independent of the 
presence of urea, the rate at which the urea is hydrolysed is dependent on the concentration of urea. 
At lower concentrations the pH will vary according to the hydrolysis rate. Increasing temperature 
also has a positive effect on urease activity, which is nearly zero at below 4oC, and the cell begins to 
lyse at very high temperatures. The optimum temperature seems to be at 70oC.   
 
During the bacterial retention phase there is a loss of urease activity, this can be avoided by the 
addition of growth medium and sodium nitrate along with the cementation solution. This permits 
the bacteria to breathe and nutrients to revive it; up to 100% urease activity can be revived. Also 
during the biocementation process the urea hydrolysis rate decreases with time, due to loss of 
activity, flushing out of enzymes or cells and encapsulation in calcium carbonate. The cells are also 
aerobic hence they begin to die from lack of oxygen; however it does not affect urease activity. 
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2.1 What is urease activity (UA)? 
 
Urease activity (UA) is the urea hydrolysis activity produced by the enzyme urease per minute. The 
enzyme is produced by different typed of ureolytic bacteria, and in the case of S. pasteurii is present 
in the cytoplasm of the cell. The process of production of enzymes is as illustrated in the Figure 2.1. 
The information for its production is encoded in the DNA of the cells, then transcripted to the RNA, 
which is used to produce (translate) the enzyme (protein) from amino acids.  
 
In the case of bacterial cells the production of RNA is virtually instantaneous followed by the 
synthesis of enzyme. In case any intervention has to be made to the enzyme production process, to 
induce desired effects, it will have to be in the translation phase or the modification phase (post 
synthesis) (Whiffin 2004). Modifying the enzyme could produce desired benefits such as higher 
resistance to cementation solution or waste products, or even increase urease activity. 
 
 
 
 
 
 
 
 
 
 
 
 
There are five models of regulation that exist for the synthesis of urease enzyme in the microbial 
system (Mobley and Hausinger, 1989; Mobley et al. 1995). 
 
• Constitutive – where a constant enzyme activity is expressed per cell, independent of 
external conditions. 
• Inducible- where a background level of enzyme activity is expressed per cell, which can be 
induced by the presence of an inducer molecule. 
• Repressible – by the presence of ammonia or ammonia precursors. Inducing urea. This 
synthesis is de- represented (i.e. enzyme activity increases) under nitrogen limiting 
conditions. 
• Developmental – where an organism in different developmental stages. (eg. Swarming 
versus non- swarming) has variable expression of urea. 
 
Regulation by pH is where the urease level is controlled by pH through controlling the rate of 
urease synthesis (Sissons et al; 1992). 
 
Figure 2. 1: Regulation levels for enzyme activity by microorganisms. Enzymes can be regulated at 
the transcriptional level or the modification level (post-transcription). (Source: Whiffin 2004) 
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2.2 Urease enzyme to produce biocementation (Whiffin 2004) 
 
In the process of biocementation large quantities of urea are hydrolysed and as such for every 
molecule of urea assimilated two molecules ammonium are released. Thus the bacteria used have to 
be resistant to high concentrations of ammonium. Urease producing bacteria can be divided into 
two groups, according to their urease response to ammonium. Those, whose activities are repressed 
by high ammonium concentrations, for example are Pseudomonas areuginosa, Alcaligenes 
eutrophas, Bacillas megaterium (Kaltwasser et al, 1972) and Klebsiella aerogenes. And those whose 
activities are not repressed by ammonium and that are potentially suitable for biocementation are 
stated in Table 2.1.  
 
Table 2.1: Microorganisms with urease activity that are not repressed in the presence of NH4+ 
(Source:Whiffin 2004) 
 
2.3 Materials used in the growth medium and their effects on (UA) 
 
2.3.1 Protein source  
For the growth of the bacteria a suitable food source is needed. This will be assimilated by the 
bacteria and used as energy for its metabolism and reproduction. The protein source is used in the 
first phase of cultivation of the bacteria. Depending on the protein source used further processing of 
the bacteria may or may not be needed. The protein source used in the biocementation experiments 
are yeast extract (YE), which is dissolved into the bacterial solution, leaving no particulate matter 
when consumed. It is typically preferred for the protein source to be of high protein content and; not 
to contain particulate matter, harmful materials or residual matter which would harm the bacteria, 
consequently reducing urease activity or clogging the pore structure of the matrix material or the 
injection system. 
 
Based on these above assumptions the protein source will need more or less processing (Refer to 
Table 2.2). This also will largely be decided on cost implications, pre or post bacterial feeding. As 
depending on the food, it may need to be: 
(i) Refined and processed prior to use, or  
(ii) The bacteria may be flocculated after cultivation by use of commercial flocculants, or 
(iii) Addition of calcium ions to the culture post cultivation. 
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Protein Source Description Protein Content 
(%) dry weight 
YE Water soluble portion of autolysed 
yeast. Supplied as powder. 
Completely soluble. 
66% 
Corn Steep Liquid 
(CSL) 
Concentrated aqueous liquid from 
steeping corn. Supplied as viscous 
liquid with suspended solids. 
40% 
Torula Yeast Autolysed food grade yeast. 
Supplied as a dried powder with 
suspended solids. 
54% 
Vegemite Concentrated autolysed yeast 
paste. Supplied as a paste with 
suspended solids. 
40% 
Brewery Waste 
Yeast 
Yeast from the brewing process. 
Whole non-lysed cells suspended 
in brewery waste. 
54% minimum 
Sludge Biomass from 
WWTP 
Concentrated sludge biomass from 
waste water treatment processing 
(WWTP). Whole heat killed non-
lysed cells. 
55% 
Table 2.2: Possible protein sources for large-scale cultivation of microorganisms (Source: Whiffin 2004) 
 
2.3.2 Effect of yeast concentration in growth medium on UA (Al-Thawadi 2008) 
In the case of yeast concentration, 10g.L-1 is considered to be used. Al-Thawadi (2008) experiments 
it could be observed that by increasing the yeast concentrations 2 to 4 folds, an increase in optical 
density (OD) of 38% and 50% respectively. This increase in OD subsequently caused in the overall 
increase in UA, however specific urease activity (SUA) remained relatively constant.  
 
OD is the measure of the amount of bacteria seen at 600nm. SUA is the average UA per unit 
bacterium. The increase in OD, from using 20g.L-1 to 40g.L-1 was only 12%; hence this low 
increase in growth, suggests the use of a maximum 20g.L-1 of YE in the cultivation medium. The 
increase in YE concentration in the growth medium serves as an important factor to enhance the 
bacterial growth and consequently the UA. 
 
2.3.3 Effect of addition of Ni+ ions to the growth medium (Al-Thawadi 2008) 
It has been suggested by Al-Thawadi (2008) that addition of minimum concentrations of Ni+ ions 
can an increase the SUA and hence overall UA. It has been determined that the minimum 
concentration of Ni+ ions that do not inhibit bacterial growth but increased UA is 10µM. This 
minimum concentration can induce an increase in UA by 3 folds. 
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At Ni+ ion concentration higher than 270µM a dramatic drop in UA and biomass (OD) are 
observed. This indicates that at high concentrations, Ni+ is toxic to the bacteria. However, even at 
these concentrations, SUA increased 1- 2 folds, indicating that although toxic, Ni+ is important in 
enhancing SUA. The addition of 10µM Ni+ ions to the bacteria after the bacteria has been cultured, 
can double the UA, while higher concentrations cause slight inhibition. 
 
2.3.4 Cultivation of bacteria (Van Paassen 2009) 
Sporosarcina pasteurii is cultivated in an aerobic batch conditions in a medium containing 20gL-1 
YE, 10gL-1 NH4Cl and 10µM NiCl2. Initially the cultivation medium is sterilized at 121oC and pH 
of the medium is adjusted to 8.5 by slowly adding 4M NaOH. The organisms are grown at 35oC till 
late exponential or early stationary phase. Then the bacteria are stored suspended in their growth 
medium at 4oC prior to use. 
 
2.3.5 Effect of addition of cementation solution (urea & calcium ions) to the bacterial 
culture medium Al-Thawadi (2008) 
The urease activity can be increased by the concentration of bacteria. This may be done by the use 
of commercial flocculants; however they may prove to be expensive. Another alternate way is by 
the addition of a minimum concentration of cementation solution to the bacterial suspension. By the 
addition of calcium and urea, the bacterial cells are precipitated while urease activity stays viable, 
resulting in higher urease readings of the precipitate.  
 
The natural tendency is to minimize the use of calcium ions. In order to save cost, and also not to 
increase the precipitated calcium carbonate on bacteria such that to hamper the effective penetration 
depth of the bacteria during injection or clogging of the injection point (Elaborately explained in 
Section 2.). To concentrate bacteria may also need additional processing or even to be centrifuged, 
these processes need to be considered as they add to the costs. 
 
  
 
 
 
 
 
 
 
Figure 2.2: Amount of flocculated cells from bacterial suspension (measured by a graduated cylinder) for given 
concentrations of calcium added. The optical density in each test at 600nm was 0.3. (Source: Al-Thawadi 2008) 
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2.4 Materials used in the cementation solution and their effects on UA 
 
2.4.1 Urea 
For the process of biocementation, carbonate ions are needed. This is supplied through the 
hydrolysis of urea by the urease enzyme present in the cytoplasm of the bacteria. The by-product of 
this process is ammonium, which will constitute two molecules of ammonium for every molecule of 
urea hydrolysed.  
 
2.4.2 Calcium 
For the precipitation of calcium carbonate, calcium ions are needed to be present. It can be supplied 
in the form of calcium chloride, calcium lactate, calcium acetate or calcium nitrate. The degradation 
of these compounds to produce calcium carbonate depends on Gibbs free energy and the availability 
of free carbonate ions. Another factor in selecting the calcium source is its effect on urease activity. 
Calcium source  Discussion Reference 
Calcium chloride Corrodes reinforcement. But can 
be used up to 1.00M, without 
drastically inhibiting UA.  
Al-Thawadi (2008) 
Calcium acetate Does not corrode reinforcement. N. De Belie et al. (2010) 
Calcium lactate - N. De Belie et al. (2010) 
Calcium nitrate Inhibits UA and can be used only 
up to 0.75M, without drastically 
inhibiting UA. 
Whiffin (2004) 
Table 2.3: Various Calcium ion sources used in experiments 
Whiffin (2004) states that calcium nitrate has an inhibitory effect on UA. Where, slight inhibition to 
UA can be observed at concentrations of 0.75M and complete inhibition at 2M. However if calcium 
nitrate  is mixed in equimolar proportions with calcium chloride, to a total concentration of 1.5M, 
the UA will still decrease but with a notable residual activity. These inhibitory effects are indicated 
in a graph in Figure 2.3. 
 
 
 
 
 
 
 
 
 
 
 
It 
Figure 2.3: Extent of biocementation reaction after 5 hours at various calcium concentrations, 
relative to the uninhibited reaction (no Ca(NO3)2 added) (Source: Whiffin 2004) 
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has been determined that calcium and nitrate ions have an inhibitory effect on UA. Hence in later 
experiments only calcium chloride is used instead of calcium nitrate. Studies conducted under Al-
Thawadi (2008), (as seen in the Figure 2.4) indicate that at up to 1M calcium chloride, urease 
activity is not greatly inhibited over long periods of time. However, above this value and up to 2M 
there is a drastic decline in UA. The effects of Chlorine ions on the enzyme has not been quantified 
and as such considered to be negligible in such small quantities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4.3 Calcium carbonate precipitation versus urea / calcium concentrations 
The calcium carbonate precipitation is a function of urea hydrolysis to produce carbonate ions and 
calcium ions, considering that the urease activity is always viable, and as such the amount of 
calcium carbonate precipitated should be linearly proportional to the molar content of urea and 
calcium ions supplied. However, in Al-Thawadi’s (2008) study it could be observed that this is not 
the case (Refer Figure 2.5). There is a drop in calcium carbonate precipitated at 1.5M and another 
drastic decline at 2.25M. This can be associated to the inhibitory effects of calcium ions (Refer 
Section 2.4.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Actual (●) vs theoretical (o) amount of calcium carbonate precipitation at 
various concentrations of equimolar urea and calcium solution after 18 hours 
incubation at 28oC. (Source: Al-Thawadi 2008) 
Figure 2.4: Effect of calcium concentration on urease activity. Inhibitory effect of 
calcium on urease activity at 2M was evident (Source: Al-Thawadi 2008) 
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2.4.4 Effect of urea on UA  
When urea is almost depleted, the hydrolysis rate decreases. According to Michaelis Menten 
kinetics: 
 
 
In which the ratio between the actual hydrolysis rate  and the maximum hydrolysis rate , is a 
function of the urea concentration  and the half saturation constant , that is, the 
concentration at which the rate is reduced by 50%. Values for  vary between 26mM for cell 
free extract at pH 7.7 to 200 mM for a cell suspension. In Figure 2.6, normalized measurements of 
urease activity at different urea concentrations and similar amounts of suspended cells of S. 
pasteurii are shown (van Paassen 2009). 
 
Al-Thawadi (2008) also conducted tests with different urea concentrations and proved that the 
urease activity did not increase with the addition of urea to the bacterial suspension. This suggests 
that the urease was not induced by the presence of urea, its substrate at the stationary phase; hence, 
causing no effect on urease activity. However, urea influences the pH through its hydrolysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4.5 Effect of Calcium or other salts  
The presence of calcium ions as stated in Section 2.4.3 has an affects the urease activity. Whiffin 
(2004) observed a little effect at low concentrations of calcium chloride of up to 50mM. But at 
higher concentrations the urease activity decreased with increasing calcium concentration up to 1 or 
2 M, and where urea hydrolysis is almost completely inhibited depending on the calcium source; 
being either calcium chloride or calcium nitrate. This inhibitory effect of calcium chloride can be 
approximated using the following equation (Van Paassen 2009): 
 
Where the coefficient, , can be fitted to experimental data and is the concentration at which the 
urease activity is reduced to 37% of its original value. For the data presented in Figure 2.7  is 
0.6 mol/L. 
Figure 2.6: Measured effect of urea concentration on urease activity of 
suspended cells of S. pasteurii. (Km= 55mM) (Source: van Paassen 2009). 
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Sodium chloride showed same inhibitory effect like calcium chloride, but to a lesser extent at 
similar chloride concentrations. Ammonium chloride on the other hand, up to a concentration of 3M 
did not affect urease activity at all (Whiffin 2004). Further effects of ammonium are stated in 
Section 2.4.5. 
 
Differences in the apparent inhibition are probably related to differences in valence and size of the 
ions. Similarly, divalent calcium chloride caused bacteria to flocculate, while monovalent sodium 
did not. It is not clear whether the effect of calcium on urease activity is reversible. 
 
 
2.4.6 Cumulative effect of Calcium, urea and protein source (YE) 
During the process of biocementation the urease activity steadily declines, depending on many 
factors like calcium concentration, lack of oxygen, cell lysis, loss of bacteria, time, etc. In order to 
rejuvenate the bacteria and potentially increase the urease activity, the cementation solution 
(calcium/ urea) can be supplemented with a protein source (YE) as mentioned by Al-Thawadi 
(2008).   
 
In Figure 2.8 it can be observed that the urea hydrolysis increased 2-fold in the fed column as 
compared to the unfed one leading to an increase in the precipitated calcium carbonate and hence 
the strength formation (MPa). Also it could be noted that the UA increased from 60% initial urease 
activity to 100% by the proposed feeding. This substrate containing urea, calcium chloride and 
yeast extract was injected 48hours after incubation for cell attachment and retention (Al-Thawadi 
2008).  
 
 
 
 
Figure 2.7: Effect of calcium concentration on urease activity using calcium chloride (▲), 
(Van Paassen 2009) and using calcium nitrate (□), (Whiffin 2004). The effect of calcium is 
approximated with a trend line fitted to the data of calcium chloride in the study (solid line) 
with constant, Ki, Ca = 0.6 mole/L 
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Figure 2.8: Urea conversion (%) calculated from ammonium analysis (□) calcium carbonate content (  ) and 
unconfined compressive strength (■) of the unfed and fed cell under batch conditions after the 
biocementation process was completed. (Source: Al-Thawadi 2008) 
 
 
 
 
 
 
 
 
 
 
 
2.5 Effects of by-products on UA  
 
2.5.1 Effect of ammonium on UA 
During the process of biocementation and urea hydrolysis, large quantities of ammonium are 
produced. As such studies were conducted by Whiffin (2004) to establish the effects of ammonium 
on UA. The results concluded that the UA only slightly increases at 200mM of ammonium and that 
the overall variance is negligible. 
 
 
 
 
 
  
 
 
 
 
 
 
 
  
Figure 2.9: Effect of the total ammonium concentration on specific urease activity of S. pasteurii pH 9. 
(Source: Whiffin 2004) 
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2.6 Other major factors affecting UA in the growth media 
 
When the bacteria are grown in the growth medium (phase 1); there are many factors that can 
influence the development of the bacteria and urease activity (UA), like: 
(i) Effect of pH on UA 
(ii) Effect of temperature on UA 
(iii) Decay of enzyme activity in time 
(iv) Effects of oxygen deprivation in case of aerobic bacteria 
 
2.6.1 Effect of pH (van Paassen 2009) 
The urease activity is affected by pH; using cell free extract Stocks Fisher et al. (1999) found the 
optimum rate at pH as 8.5. Within a certain pH range, below and above this optimum pH the urease 
activity decreased, forming a bell shaped inhibitory curve, which is described using the following 
expression: 
 
 
In which  is the hydrolysis rate at pH 8.5 optimum and  and  are the values at which 
the hydrolysis rate is reduced by 50%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stocks- Fisher et al. (1999) found a narrow pH range with  at 7 and  at 9.7. Whiffin 
(2004) on the other hand used whole cell in the suspension and found an optimum pH at 7, with 
 at 5 and  at 9.7. The results show clearly that the urease activity of the cell free extract is 
more vulnerable for changes in pH, especially on the acidic side. For the whole cell in suspension 
the effect of pH on urease activity seems negligible between 6 and 8.5. Apparently, the cells protect 
the enzymes from acidity. 
 
Figure 2.10: Effect of pH on urease activity measured on cell free extract and whole 
suspended cells of S. pasteurii. Note that these are normalized activities. The absolute 
specific urease activity in mole-urea L-1¬h-1gDW-1 is significantly higher for cell 
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2.6.2 Temperature  
Van Paassen (2009) in his study establishes that temperature has a significant effect on the 
hydrolysis rate. Between 5 and 35oC a rise of 10oC causes an increase of the urease activity by a 
factor of (Q10) of 3.4, as shown in Figure 2.5. Below 5oC, no urease activity was measured. The 
effect of temperature within this range can be described by the equation: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Whiffin (2004) observed a linear increase between 25 and 60oC reaching an optimum at 70oC. 
Above 70oC the urease activity quickly decreases, which was probably due to enzyme deactivation. 
 
2.6.3 Decay of enzyme activity in time (Van Paassen 2009)  
The conditions affecting the hydrolysis rate can vary in time during the hydrolysis reaction. In 
general, the urease activity decays in time, due to (i) cell lysis and subsequent wash-out of urease 
from the sand or (ii) faster denaturation of the loose enzyme, or (iii) due to encapsulation in the 
calcium carbonate crystals. 
 
(i) Cell lysis occurs during the cementation process as the aerobic bacteria get without oxygen 
and nutrients. The effect of cell lysis on urease activity is described, by assuming it to be 
exponential decay: 
 
 
Where td is the exponential time constant, at which the urease activity has reduced by a factor of e 
to about 63% of its original value. At temperatures around 10oC, cell lysis is rather slow (in the 
order of weeks).  
 
(ii) High salt concentrations or presence of toxic compounds and high temperature accelerate 
cell lysis and loss of hydrolysing capacity. If bacteria manage to survive harsh environmental 
Figure 2.11: The effect of temperature on urease activity was measured in experiments where a 
constant amount of bacteria was supplied with 0.5 M urea (●)and o.5 M urea and CaCl2 (o) and 
the temperature was varied. (Source: Van Paassen 2009) 
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conditions without nutrients, they tend to excrete their enzymes which degrade more easily outside 
than inside the cell. 
 
(iii) During the precipitation of calcium carbonate, bacteria are being encapsulated in the 
crystals, causing further decay of urease activity. This can be described similarly as cell lysis 
assuming exponential decay.  
 
 
Where Sd is the characteristic decay concentration of precipitated CaCO3 at which the urease 
activity has reduced by a factor of 63% of its original value. 
 
2.6.4 Effect of oxygen on specific urease activity. 
The ureolytic bacteria used (S. pasteurii) are aerobic bacteria, and hence need oxygen for its 
survival, growth and metabolism. In order to supply the bacteria with oxygen the culture has to be 
continuously stirred in a stir tank which is fitted with a high oxygen reactor. Limiting the oxygen 
supply will reduce the growth of the bacteria, but will not affect the urease activity in any way. The 
cells grown under high oxygen supply have normal physiology, but the ones grown under low 
oxygen supply are shorter, wider, highly motile and demonstrate a chemotactic behaviour towards 
oxygen, as stated by Whiffin (2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Many aerobic bacteria, so also S. pasteurii can use sodium nitrate as an electron acceptor to support 
growth and as a substitute to oxygen (Al-Thawadi 2008). This can be used in oxygen limiting 
conditions, such as when the biocementation process is long under way and the urease activity 
needs to be rejuvenated. 
 
 
 
Figure 2.12: Behavioral differences observed with S. pasteurii cells under oxygen 
limiting conditions (Image Source: Whiffin 2004) 
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2.7 Factors affecting in situ UA 
 
During biocementation process many reactions are involved, derived from the base chemicals added 
(urea, calcium chloride). These compounds dissociate to form ions of different concentrations 
depending on their equilibrium constant (pKa) at a given temperature. These ions are as given in the 
Table 2.2. 
Reaction name Reaction equation Constants 
Water dissociation H20 ↔ OH- + H+ pKa = 14.00 
Bicarbonate dissociation  HCO3- ↔ CO32- + H+ pKa= 10.33  
Carbonic acid dissociation 
(acidic) 
CO2 + H2O ↔ HCO3- + H+ pKa = 6.35 
Carbonic acid dissociation (basic) CO2 + OH- ↔ HCO3- pKa = 7.64 
Ammonium dissociation NH4+ ↔ NH3 + H+ pKa = 9.25 
Calcium hydroxide complexation  Ca2+ + H2O ↔ CaOH+ + H+ pKa = 12.78 
Calcium bicarbonate 
complexation  
Ca2+ + CO32- + H+ ↔ CaHCO3+  pKa 3.22 
Calcium hydroxide complexation  Ca2+ + CO32- ↔ CaCO3 pKa = 11.44 
Table 2.4: Molar stoichiometry for acid-base equilibrium included in this model, with corresponding pKa 
values of the equilibrium constants at T=25oC and p=1 bar (Source: Van Paassen 2009) 
 
2.7.1 Conditions affecting the in-situ urease activity during MICP (Van Paassen 2009) 
After the bacteria are injected in the subsurface, the distribution of bacteria in the pores is affected 
by the factors which determine the flow and transport of bacteria through the porous media. When 
flushed through the sand matrix a fraction of the bacteria is adsorbed to the solid surface or get 
strained in the narrow pores. When after placement of the bacteria the solution of urea and calcium 
chloride is supplied, a part of the attached bacteria detach and flush further and are eventually 
flushed out of the treatment area. Adsorption, straining and detachment are governed by many 
factors, including: (i) fluid properties like water chemistry and flow regime, (ii) cell wall 
characteristics like hydrophobicity, charge and appendages, and (iii) soil properties like grain size 
distribution, surface texture and mineralogy.  
 
Another effect on urease activity during biocementation is the reduction of pore space due to 
precipitation. By filling up the pores the crystals directly reduce the porosity, but can also block the 
flow of liquids, creating stagnant areas within the pore network. When constant flow rate is applied 
this reduction in porosity causes an increase in the average linear flow velocity, and a reduction of 
residence time of the substrates within the soil volume. Consequently, the urease activity per soil 
volume also decreases as well. 
 
The cumulative effect of enzyme extraction, cell decay, wash out, encapsulation and porosity 
reduction cause decay in urease activity.  
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2.8 Discussions 
 
It has been suggested by Whiffin (2004) that, high concentrations of calcium nitrate inhibit urease 
activity. However it has also been noted by Al-Thawadi (2008) that the addition of sodium nitrate to 
the cementation solution in small quantities restores the urease activity.  In the experiments done 
only calcium chloride was used with decreasing urease activity over time. It may be beneficial to 
mix small quantities of calcium nitrate with calcium chloride in the cementation solution, in-order 
to maintain a high urease activity for as long as possible.  
 
2.9 Conclusions 
 
• Urease activity is the main governing factor of biocementation. It directly controls the rate of 
urea hydrolysis and as such the calcium carbonate concentration. Also it indirectly controls the 
pH of the environment depending on the concentration of urea, thus influencing the type of 
crystals precipitated. 
• Any changes to the urease enzyme, need to be made at the translation phase or after the enzyme 
is produced.  
• S. pasteurii is one of the bacteria that has high urease activity and is not pathogenic to the 
environment. 
• Yeast extract is used a protein source for the bacteria. Cheaper sources of protein need to be 
researched, waste water is an ideal source, and however it will need additional processing. 
• The ideal concentration of yeast extract for growing the bacteria is 20 g.L-1.  
• The presence of 10µM of nickel ions in the growth medium can increase the urease activity by 
3 fold. 
• Small concentrations of cementation solution can be used to flocculate the bacteria and increase 
urease activity in the growth medium. 
• The concentration of urea has no direct effect on urease activity. 
• Calcium nitrate has been shown to inhibit urease activity up to 0.75M.  
• Calcium chloride has been shown to drastically inhibit urease activity at concentrations above 
1M, and complete inhibition at 2M. 
• The major waste product in biocementation is ammonium, whoever it has been shown to have 
no significant effect on urease activity. 
• Urease activity can be revived through the addition of growth medium and sodium nitrate to the 
cementation solution, thus increasing calcium carbonate precipitation. 
• Additional research needs to be done in the use of oxygen aeration prior to injection of 
cementation solution. 
• The amount of calcium carbonate precipitated is proportionate to the cementation concentration 
up to 1.5moles (Al-Thawadi 2008). 
• The optimum pH for urea hydrolysis by the urease enzyme is 8.5, and the pKa for ammonium is 
9.25.  
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• Below concentration of 120mM of urea the hydrolysis rate drops drastically. 
• Calcium chloride and sodium chloride have an inhibitory effect on urease activity, proportional 
to its concentration. 
• At temperatures below 4oC urease activity is negligible, and increases with rise in temperature 
till an optimum at 70oC. 
• During biocementation the urease activity will gradually decrease, due to flush out of bacteria 
and enzyme, bacterial encrustation in calcium carbonate or lack of oxygen and eventual lysis of 
the bacteria. 
• Lack of supply of oxygen in the growth phase can cause deformities to the bacteria and loss of 
urease activity. 
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3. In-depth understanding of 
CaCO3 precipitation 
 
 
 
 
 
 
 
 
 
Summary 
 
For the process of biocementation the precipitation of calcium carbonate crystals are required. The 
amount of calcium carbonate precipitated is dependent on the urease activity, molar concentration 
of cementation solution and the time given for the cementation process to take place.  
 
As the calcium carbonate is precipitated there are different typed of crystals formed depending on 
the degree of super-saturation, temperature and pH of the environment. There exist three different 
morphology for calcium carbonate crystals,-Aragonite, Calcite and vaterite. 
 
During biocementation spherical crystals are formed around the bacteria, these continue to grow up 
to approximately 120µm in diameter, this restriction could be the cause of encrustation of bacteria 
in calcium carbonate and/ or space constraints. These spherical crystals have been identified to be 
vaterite, and vaterite being unstable later dissolve and form into aragonite or calcite, according to 
thermodynamics and Gibbs free energy.  
 
It has been observed that calcite crystals tend to form within the spherical ones and continue to 
grow till the spherical crystals are completely dissolved. This process does not happen in a general 
global phase, however at any given time different sizes and types of crystals may be found. It has 
been shown that size of crystals produced is largely related to the concentration of cementation 
solution up to 250mM.  
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3.1. Introduction 
 
This chapter describes the mechanism behind the precipitation of CaCO3 crystals, the various types 
of crystals and factors that influence these mechanisms. Precipitation involves two phases: (i) 
Nucleation (the formation of new crystals) begins at the point of critical saturation and (ii) 
Spontaneous crystal growth on the stable nuclei. 
 
3.2. Nucleation (Al-Thawadi 2008) 
 
The transformation from solution to solid occurs when the free energy (Gibbs free energy) of the 
initial solution phase is greater than the sum of the free energies of the crystalline phase plus the 
final solution phase. It is known that all thermodynamic processes attempt to minimize the free 
energy. Accordingly, the free energy of the single crystalline state is minimal.  
 
The process that produces a new phase with low free energy from an old phase with high free 
energy is known as nucleation. Nucleation occurs as either primary or secondary nucleation. 
Primary nucleation is the production of nuclei independent of presence of suspended crystals, while 
secondary nucleation is when the presence of suspended solute crystals is needed. High degree of 
super-saturation is needed for the nucleation and growth of calcium carbonate crystals. 
 
3.3. Growth of crystals  
 
3.3.1. Mechanisms for crystal growth 
Al-Thawadi (2008) in his research explains the three different mechanisms for crystal growth. 
 
• Kossel mechanism:  
This mechanism depends on the stepwise growth of a mononuclear layer which is supposed to 
occur on the surface on an ideal crystal. A molecular layer (P´) is joined to a smooth surface of 
crystal (P). The end of the layer (P´) is an incomplete line and has one or more kinks (K, important 
sites at which molecules that attach there build more bonds to neighboring ones attached to other 
regions). This kink region has the highest binding energy and is the most appropriate region for the 
integration of a unit molecule from the solution phase.  
 
• Two dimensional nucleation:  
Subsequent spread of crystals around the nucleus forming a new layer. One the propagation step 
(growth of crystal) reaches the edge of the face, the surface is covered with another smooth surface 
without step or kink sites. The two dimensional nucleation is favorable at a high degree of super 
saturation. 
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• Screw dislocation:  
The dislocation of crystals occurs in a spiral form in then propagation step. Crystals are not ideal 
structures, certain type of defect in the crystal structure could allow the incessant formation of steps 
(ledges or raised partial layers) on the surface. A new crystal arriving at the surface would always 
then find a step on which to adhere. The particular defect which provides this structure is called a 
screw dislocation. This mechanism of crystal growth occurs at low degree of super-saturation.  
 
3.3.2. Morphology of CaCO3 crystals  
Naturally, three forms of calcium carbonate crystals exist: Calcite, Aragonite and Vaterite. These 
three vary due to their stability, with calcite being the most stable and vaterite the least. 
 
• Calcite: is considered to be the most stable form of calcium carbonate with simple 
rhombohedra shape. Its formation is preferred by the presence of magnesium, manganese 
ions and orthophosphate. Furthermore crystal aging supports calcite precipitation.  
 
• Aragonite: is a metastable calcium carbonate form and changes into calcite over geological 
time. It is an orthorhombic crystal and obtained at high temperature or low temperature in 
the presence of magnesium ions and pH less than 11. Its formation is favored by the 
presence of manganese and magnesium ions but not orthophosphate.  
 
Figure 3.1: Three models of crystal growth: Kossel model (A1), two-dimensional model (B1), 
screw dislocation (C1). 
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• Vaterite: is rarely found in nature. It is produced in the pH range from 8.5 to 10 with the 
initial relative super-saturation between 6.5 and 8.5, low Ca2+ concentration, or low 
temperature and high Ca2+ concentration. The vaterite morphology is influenced by the pH 
and temperature. Three vaterite crystal types are known: Spherulite (at pH < 9.3 and below 
room temperature), hexagonal plate (at pH 9.6), and lettuce (at pH 8.5 and temperature of 
40oC). 
 
3.4. Growth of crystals in biocementation conditions 
 
Precipitated crystals are mostly clustered together in aggregates of two or more. The type of crystal 
precipitated within the first few minutes is spherical CaCO3, this starts to occur within the first few 
minutes of biocementation process. While at a later stage of biocementation process rhombohedral 
crystals appeared, at approximately 9 hours to 1 week later. Al-Thawadi (2008) observed that the 
rhombohedral crystals grow from the spherical crystals. This phenomenon can be observed in 
Figure 3.2. Both Al-Thawadi (2008) and van Paassen (2009) through their experiments state that, 
the spherical crystals are non-stable in nature thus suggesting that they are composed of vaterite, 
and the appearance of the rhombohedral crystals with cubic feces, is typical of calcite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 3.3 it can be observed that a vaterite crystal has disintegrated and engulfed over the 
aggregate particle. This crystal in time will dissolve and form into calcite when super-saturation 
level lowers (van Paassen 2009). During the formation of calcite the crystal precipitated would be 
continuous and hence, forms a strong bond between the crystal and the sand particle. Considering 
that this process occurs between multiple point contacts due to preferential placement of bacteria, it 
will directly contribute to the strength formation. (More information in Section 3.6.3) 
Figure 3.2: SEM image of the structure opening at upper surface of the spherical 
calcite (see arrows) produced by microbial calcium carbonate precipitation (final 
urease activity 1.6mM urea hydrolysis.min-1). (Source: Al-Thawadi 2008) 
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Figure 3.3: SEM micrographs of collapsed spherical crystals (a broken or decomposed spherical 
shell) with different thickness of shell 0.08µm. the small oval crystals (approximately 3µm) were 
seen repeatedly when biocementation was maintained for several days (Source: Al-Thawadi 2008) 
 
 
 
 
 
 
 
 
 
 
 
 
3.5. Possible mechanism for strength formation 
 
The spherical crystals are able to cover the surface of sand granules, connecting them together and 
providing one mechanism for strength formation, by bridging the sand granules with CaCO3. It has 
been suggested by Al-Thawadi (2008) that the spherical form of the crystals is due to the presence 
of bacterial cells and the localized rather than uniform production of carbonate plays a role in 
spherical arrangement of the rhombohedral crystals.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: SEM micrographs of calcite crystals embedded on the coverslip and attached to 100-200 µm 
silica grains (A-D). The sand grains were fully covered by spherical CaCO3. The space between the two 
sand grains is full with rhombohedral crystals (arrow in C). These images were taken after one week 
from the initiation of biocementation reaction between bacterial cells (final urease activity of 1.6mM 
urea hydrolysis. Min-1) and 1M cementation solution. The dashed circles in D show the signs of bacterial 
cells (1µm) surface at the surface of the spherical calcite. (Source: Al-Thawadi 2008). 
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3.6. Factors influencing CaCO3 precipitation 
 
3.6.1. Co-relation between varying concentrations of cementation solution and CaCO3 
precipitated in time  
The graph in Figure 3.5 by Al-Thawadi (2008) shows the use of different concentrations of 
cementation solution and the corresponding CaCO3 precipitation in a 4.5 hour span. It can be 
observed that the maximum precipitation is with 0.5 Molar concentration of cementation solution, 
producing 130mg of CaCO3 per gram of sand. Higher concentrations seem to indicate an inhibitory 
effect on urease activity. 
 
 
 
 
 
 
 
 
 
 
 
3.6.2. Formation of the crystal 
At the early stage of Biocementation process, as soon as contact between the cells and cementation 
solution was made, the cells usually become immobilized. This was due to the flagella to the side of 
the sand grain, causing a circular movement of the cells at the same spot. The formation of small 
spheres appears around each bacteria cell. But there are instances where spheres form up to 10µm 
away from the cells. Also small white spherical crystals appear on the bacteria´s surface, suggesting 
that the cells might be in the center of the sphere during their precipitation.  Figure 3.6 shows the 
correlation between number of cells and crystal size. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: The cumulative calcium carbonate precipitation (mg.g-1) as a function of time. Five 
different concentrations of calcium/ urea (cementation solution) were tested. The cumulative 
carbonate increased gradually between 0.125 – 0.5 M and then decreased gradually when 1 and 2 M 
cementation solution was used. (Source: Al-Thawadi 2008). 
Figure 3.6: Different sizes of calcium carbonate crystals (spheres) by different 
concentrations of cells. (Source: Al-Thawadi 2008). 
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3.6.3. Size of crystals  
When concentration of calcium and urea were used in equimolar, it was found that the size of the 
spherical crystals increased, until a point was reached at around 14 to 24 hours. Beyond which no 
further crystal growth occurred. Similarly, beyond 12 to 15 hours, there was no further initiation of 
new spheres. Their growth seemed to stop when one sphere seemed to touch the other.  In Al-
Thawadi’s (2008) experiments, the spherical crystals that formed, were formed close to the bacteria 
cells and at times using the cell itself as the nucleation site. However sometimes crystals were also 
formed away from the bacteria. Hence, no general clam was made on the location of crystal growth. 
It has been established that high degree of super-saturation forms precipitates spontaneously. The 
precipitation of metastable vaterite is kinetically favorable over the stable calcite at high degree of 
super-saturation. The metastable phase grows continuously faster than the stable phase. When the 
super-saturation drops, the transformation of vaterite (solubility product: ksp = -7.91 at 25oC) to 
calcite (solubility product: ksp = -8.45 at 25oC) will occur.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By using the ions in the solution, the calcite might precipitate lowering the ionic activity product 
(IAP, the total activity of the ions that include a specific solid phase) below the solubility product 
(ksp, ionic product when the system is in equilibrium) of the vaterite. This decrease in the IAP below 
ksp causes the dissolution of vaterite. after reaching the super-saturation level, the calcite crystals 
will precipitate in a particular shape depending on the pH, ionic strength (Cl-, Na+) and additives. 
Accordingly, any sphere enclosing the rhombohedral crystal provides a more defined condition of 
super-saturation. 
 
 
 
Figure 3.7: The growth of three different spherical calcite crystals and their numbers during 
22 hours of biocementation reaction. (Source: Al-Thawadi 2008). 
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3.6.4. Correlation between concentration of cementation solution and crystal size 
The sphere size increases as the concentration of urea and calcium increases. There is a sharp 
increase in the size of spheres produced at concentrations of 10 to 250mM and above this the 
increase in size is gradual and nominal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 9: A schematic diagram of the sequence development of rhombohedral calcite crystals 
within the spherical calcium carbonate crystals during ureolytic bacterial activity. This diagram 
was hypothesized according to the time lapse which was taken by Al-Thawadi (2008). During the 
biocementation reaction, the cells start by forming a small sphere (A) which grows gradually and 
enclosing so oriented small rhombohedral crystals that they will eventually join to form a single 
crystal (B) (note the remaining parts of the spheres at the surface of the rhombohedral crystals) (B). 
Figure 3.8: Different sizes of calcium carbonate crystals (spheres, average of 6 to 9 
spheres) produced by different concentrations of cementation solution (equimolar 
concentration of calcium/ urea). Lowest concentration of calcium/ urea was 10mM. 
(Source: Al-Thawadi 2008). 
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3.7. CaCO3 precipitation and distribution in matrix pore volume  
 
Preferential distribution indicates that the significant portion of CaCO3 precipitated only at particle-
particle contacts.  DeJong et al. (2008) state that, microbes have a general preference to stay away 
from exposed particle surfaces and instead prefer positioning themselves in smaller surface features 
such as near particle-particle contacts. This preference is due to reduced shear stress and greater 
availability of nutrients at the grain contacts. A greater concentration of microbes at the particle 
contacts directly results in an increased CaCO3 precipitation in that region. In addition to these 
biological preferences, filtration processes may also contribute. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.8. Discussion 
 
The type and size of crystals that form, depends on the temperature, pH, saturation levels and other 
materials present. The pH of the system has been defined by the urease activity -the hydrolysis rate 
and; the temperature can also very between 5oC and 70oC, higher temperatures will cause lysis of 
the cell and lower temperatures will completely inhibit urease activity. As such the point of 
intervention for the control of crystals produced is either the saturation levels of the system- through 
the control of urea hydrolysis rate, and the presence of other minerals in the solution  that favor one 
type of precipitation over the other. Further studies need to be conducted to assess the effects of the 
presence of these materials on the cementation process and the concentrations needed. 
  
Figure 3.10: Illustration of calcite distribution alternatives within pore spaces 
(Source: DeJong et al. 2008) 
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3.9. Conclusions 
 
• For strength gain in bio-concrete calcite crystals are the preferred morphology of 
calcium carbonate, due to its stable form and rhombohedral shape. 
• The primary crystals to be precipitates during biocementation are vaterite. These later 
dissolve to form calcite and aragonite depending on the super-saturation level. 
• The amount of calcium carbonate precipitate gradually increases with cementation 
solution concentration up to and optimum concentration of 0.5M. 
• The size and number of crystals produced depend on the cementation time, number of 
bacteria, urease activity and concentration of cementation solution. 
• Crystals mainly form near and around bacterial cells. 
• The size of crystals will rapidly increase with increasing cementation solution till it is 
relatively constant beyond 250mM of cementation solution. 
• Calcium carbonate precipitation mainly occurs at particle- particle contact points due to 
preferential distribution. 
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4. Factors influencing material 
properties of bioconcrete 
 
 
 
 
 
 
 
 
 
 
 
 
 
Summary 
 
Bacterial retention within the matrix material has many implications. The percentage of total 
retention of the bacteria indicates the efficiency of the process and the distribution of the bacteria 
influences the homogeneity of the cementation process and preferential path flows. 
 
Bacterial retention occurs due to adhesions of cells to the particle surface and filtration in the pores. 
The adhesion of cells depends on the presence of appendages (S. pasteurii has flagella), cell surface 
hydrophobicity, electrostatic charge, ionic strength of medium, concentration of bacteria, cell size to 
pore volume and availability of nutrients. 
 
It has been shown that weak ionic strength solutions will cause the cells to detach from the sand 
particles and high ionic strengths will force the cells to attach to the sand particles. Also premixing 
of bacterial cells with 18mM of calcium chloride improves cell attachment, as indicated by Al- 
Thawadi (2008). The bacterial incubation time is very important as it greatly improves cell 
retention, ideally between 24 to 48 hours.   
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Ideally speaking the aggregate pore matrix used in biocementation should be maintained such that 
the microorganisms easily pass through, while at the same time has sufficient bacterial retention 
capacity. Preferential distribution indicates that calcium carbonate is mainly precipitated at point to 
point contacts, which is desirable as it directly contributes to strength formation.  
 
Through the treatment of biocementation the porosity of the matrix material (sand) has been shown 
to reduce by 15 to 22%, however this value may even go up to 75% if there is clogging at any point 
specially the injection point. In order to maintain a high permeability it is important to ensure 
homogenous distribution of the bacteria and cementation. The permeability loss can be either the 
result of calcium carbonate precipitation or organic matter. 
 
The strength gain during the process of biocementation is due to densification and cementation of 
the matrix material. It has been shown that the strength gain is proportional to the amount of 
calcium carbonate precipitation, which is consequently mainly deposited at point to point contacts. 
However the strength gain is much higher in sand with higher dry density than lower density, for 
the same amount of calcium carbonate. 
 
As per the graphs by Al-Thawadi (2008) the ideal concentration of cementation solution in order to 
produce maximum calcium carbonate precipitation is 0.5M of cementation solution. The biomass 
concentration is very important in the type and number of crystals produced, as this would 
effectively increase or decrease the urease activity, thus the super-saturation and pH. It has been 
noted in Al-Thawadi (2008) that the ideal biomass by dry weight should be 216 g.L-1. 
 
The maximum strength so far achieved is 30MPa unconfined compressive strength, by using the 
above criteria and MCP11 strain of bacteria, which mainly constitutes S. Pasteurii. Proving that it is 
possible to use locally found bacteria for the purpose of biocementation and still attain high 
strengths in biocementation. 
 
Also as mentioned earlier the amount of calcium carbonate precipitated is proportional to the 
strength gained, and the urease activity. The urease activity may be increased by supplementing the 
cementation solution with growth medium, thus increasing the compressive strength. The presence 
of additional urea in the cementation solution will increase compressive strength without increasing 
the calcium carbonate content; this could the result of the formation of more and/ or larger calcite 
crystals, through its effects on pH and ionic concentrations. 
 
Failure in the bioconcrete can ideally occur through the fracture of calcite or the dislocation of the 
calcite- aggregate bond. However the actual failure will be a combination of the two. 
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4.1. Introduction 
 
This chapter describes the factors affecting the bacterial retention during biocementation process. 
As will be seen, proper bacterial retention is essential, as it defines the mechanical properties of 
bioconcrete. Biocementation technique can result in the improvement of a variety of material 
properties including permeability, stiffness, compressibility, shear strength, and volumetric 
behavior. This chapter also outlines the major factors influencing these properties. 
 
4.2. General factors affecting bacterial retention 
 
Bacterial cells will attach to a surface for either nutrients which are found at the surface, such as 
simple soluble carbon source or organic molecules which may make the surface nutritionally rich 
environment or protection from predators by forming bio films. The attachment of bacteria to a 
surface is governed by: 
 
• Biological factors like presence of specific surface protein, extra-cellular polymers formation, 
the presence of appendages which are responsible for reversible adhesion, the degree of cell 
surface hydrophobicity, the degree of cell electrostatic charge, growth phase at which bacterial 
cells attach, cell concentration and bacterial size (Al-Thawadi 2008). 
 
• Chemical factors like availability of nutrients, (availability of glucose increase cell attachment) 
and high ionic strength (Al-Thawadi 2008). 
 
 
 
4.2.1. Effect of ionic strength on microbial transport  
The adsorption of bacteria increases with increasing salinity of the bacterial suspension. By flushing 
low salinity solution after the bacterial suspension has been injected, a large part of the adsorbed 
bacteria can be remobilized from the solid surface into the liquid phase. A decrease in the 
electrolyte concentration or ionic valence causes the repulsive charge between the two equally 
charged particles (bacteria-bacteria or bacteria sand grain) to increase and loosely adsorbed bacteria 
to re-suspend (van Paassen 2009).  
 
For homogeneous immobilization of the bacteria the opposite is suggested. First the bacteria need to 
be injected, followed by a fixation fluid with high salinity. When the bacteria are retarded by 
adsorption and filtration processes, the fixation fluid with high salinity will overtake the weakly 
adsorbed cells and strongly fix them to the sand particles, by reducing the electrostatic repulsion, 
resulting in homogeneously distributed bacteria (van Paassen 2009). 
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4.2.2. Effect of premixing bacterial cells in presence of citrate salts and calcium ions on cell 
retention  
The presence of calcium ions (premixing prior to injection) resulted in 2 to 4 fold increase in cell 
retention (Al-Thawadi 2008). However in the presence of citrate showed no effect on the cell 
retention, contrary to reports by Deshpande and Shonnard (2000) where there was an increase in 
attachment shown. In further experiments by Al-Thawadi (2008) it was shown that the bacterial 
retention increased 3 to 5 fold when the bacteria was grown in the presence of 6mM calcium ions. 
 
 
 
 
 
 
 
 
 
 
 
4.2.3. Bacterial adsorption with incubation time 
It was found by Al-Thawadi (2008) that incubating the cell in-situ for 24 to 48 hours prior to 
exposure to cementation solution, enhanced cell attachment during that time and increased cell 
retention (40 to 64%). Without in-situ incubation cell retention was only 7 to 9%. (The experiments 
conducted by Al-Thawadi (2008) were in the presence and absence of calcium ions). 
 
 
 
 
 
  
 
  
Figure 4.1: the percent retention of cells in 10 cm packed sand columns according to OD at 600nm (■) and 
urease activity (□). Cells were premixed with 18mM Calcium chloride and sodium citrate. The input urease 
activity and OD were 18.9nM.min-1 and 5.9 respectively. (Source: Al-Thawadi (2008)) 
Figure 4.2: Effects of incubation time on cell retention in packed sand-columns (10 cm) according to OD at 
600 nm (■) and urease activity (□). The input urease activity and OD were 19mM.min-1 and 6 respectively. 
(Source: Al-Thawadi (2008)) 
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4.2.4. Microbe and particle size compatibility  
Sizes of microbes being considered are typically between 0.5 and 0.3µm. However aggregate 
particles cover a broad range of sizes, with a primary difference being made between course and 
fine grained at 75µm particle size. DeJong et al. (2008) wrote that this was important as the pore 
size determines the ability of the bacteria and cementation material to be injected through, and also 
the retention capacity of the aggregate, thus affecting the strength development significantly. If the 
aggregates are too compact the bacteria will not be able to pass through the pores, and if they are 
loosely packed the strength gained will be lower, since strength gained is proportional to the dry 
density, as we will see later. 
 
 
4.2.5. Estimation of flow rate needed 
As suggested by Van Paassen (2009), the flow rate for the injected fluid depends on the aggregate 
properties, pore volume and viscosity of the matrix material. For his experiments in batch phase, a 
flow rate of 300ml.h-1 was used for the injection of bacterial suspension and fixation fluid. However 
for the cementation solution a flow rate of 100ml.h-1 was used.  
 
For continuous phase experiments, constant flow rate of 220ml.h-1 and 660ml.h-1 are used. 
Consequently Al-Thawadi (2008) has used a flow rate of 350ml.h-1 for injection of fluids.  
 
Van Paassen (2009) suggested that high flow rates under continuous phase cementation, leads to a 
relatively constant flow pressure. However there is more wash out of bacteria.  
 
Figure 4.3: Comparison of typical sizes of aggregate particles and bacteria, geometric limitations, and 
approximate limits of various methods. (Source: DeJong et al. 2008) 
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4.3. Factors influencing material permeability  
 
The formation of calcium carbonate precipitation near particle-particle contacts reduces the pore 
throats and restricts water flow. Experimentally, S. Ferris et al. (1996) observed a reduction in 
permeability from 15% to 20% of the initial permeability and Whiffin et al. (2007) similarly 
observed a reduction in permeability from 22% to 75% of the initial permeability. However, it is 
conceivable that the permeability could be reduced further with additional treatment. In 
experimentation it should be recognized that permeability may not be uniform across treated 
specimens, with a general tendency of greater reduction in permeability occurring closer to the 
injection source (DeJong et al. 2008).  
 
Also it has been observed by DeJong et al. (2008) that the reduction in permeability is not only 
attributed to the precipitation of calcium carbonate but also the presence of organic matter, like 
bacterial cells and/ or fungal growth form air born spores. This condition is dependent on the degree 
of sterilizations of the production process and materials used. 
 
4.4. Factors influencing stiffness 
 
The stiffness increase induced by MCP can effectively be captured throughout treatment using 
bender elements. Subsequent experiments by DeJong et al. (2008) have shown increases in the 
shear wave velocity to more than 1200 m/s. for context; this corresponds to "rock" according to the 
National Earthquake Hazards Reduction Program (NEHRP, 2003) site classification index based on 
shear wave velocity that is used in the United States to screen for potentially liquefiable soils. This 
general range of increase is consistent with those observed for non-MICP methods.  
 
4.5. Factors influencing unconfined compressive strength (UCS) 
 
4.5.1. Correlation between UCS and amount of calcium carbonate precipitated 
In the process of biocementation the precipitation of calcium carbonate plays an important role. In 
various studies attempts have been made to correlate the amount of calcium carbonate precipitation 
and strength formation.  
 
The graph in Figure 4.5 by Al-Thawadi (2008) shows the correlation between the calcium carbonate 
concentration and UCS achieved at different concentrations of cementation solution. There was a 
distinct peak of calcium carbonate and strength gained at 0.5 moles of cementation solution to 
produce 7 MPa. And a steep decline in strength produced as the molar concentration was increased 
to 2 moles where the calcium carbonate precipitated was virtually negligible. This was attributed to 
the retardation of urease activity by the cementation solution. It was also noted that at lower molar 
concentrations than 0.5 moles of cementation solution, higher amounts of calcium carbonate needed 
to be precipitated to gain lower strengths. Hence the ideal molar concentration was suggested to be 
around 0.5M. 
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This correlation which was established between UCS and CaCO3 content which is similar to van 
Paassen et al. (2009) studies, shows high variance (R2=0.77), which caused several inconsistent 
results, as can be seen in the Figure 4.6 and Figure 4.7. This indicates that there exist other variable 
that also control the strength produced, like dry density, type of crystals formed and point to point 
contact connection with calcium carbonate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: The actual Calcium carbonate precipitated (o, mg.g-1), and the unconfined compressive 
strength (●, Mpa) of the five columns which were treated with different concentrations of solution 
(0.125-2.0 M). The unconfined compressive strength increased with the increase in calcium 
carbonate precipitation. Al-Thawadi et al (2008) 
Figure 4.5: The correlation between the mechanical strength and calcium carbonate 
precipitation in-situ of different cemented sand columns. The densities of the columns were 
considered for comparison. (Source: Al-Thawadi 2008) 
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Figure 4.6: Correlations between calcium carbonate content and unconfined compressive 
strength. Points a, b, c and d correspond to the same core. (Source: van Paassen et al. 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5.2. Correlation between UCS and Dry density  
To check the correlation of UCS with other variables, van Paassen et al. (2009) plotting UCS 
against dry density. This showed a much better correlation with dry density than with CaCO3 
content.  At CaCO3 content used in the study (12 – 27%) the final dry density is a more important 
indicator for strength than the CaCO3 content. More densely packed sand therefore needs less 
cementation than a less dense sand to achieve the same strength. 
 
Still the correlation between UCS and dry density showed significant variance (R2=0.84), which 
might have been caused by other factors, such as sample disturbances before testing or 
heterogeneity within the tested cores. Several times failure in restricted (or weakest) top or bottom 
part of the core indicated that the cementation may not have been homogeneous and the strength 
reading was that of the weakest fracture plane (van Paassen et al. 2009). 
 
Figure 4.7: The unconfined compressive strength platted against dry density before (◇) and after bio-grout 
treatment (◆).The initial dry density is calculated from calcium carbonate content and the final dry density. 
Points a, b, c, and d correspond to the same core (Source: van Paassen et al. 2009) 
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4.5.3. Biomass concentration 
As suggested earlier in Chapter 2 the urease activity is strongly linked to the amount of calcium 
carbonate precipitated. This indicates that the amount of urease activity can be increased by either 
increasing the SUA or the quantity of bacteria available. In Figure 4.9 it can be observed that the 
amount of calcium carbonate precipitated is independent of the biomass present considering that 
there is sufficient urease activity present, the urea hydrolyzed is also virtually constant with slight 
variations, indicating that there was enough urea hydrolyzed for complete precipitation with 
surplus.  
 
The only difference is the gain in strength, as the amount of bacteria available for hydrolysis 
increases from 13.5g.L-1 to 180g.L-1 there is a gradual increase in strength gained, however the is a 
significant decline in strength when the biomass concentration increase beyond 200g.L-1 . This 
suggests that the type of crystals formed may be small, not of calcite morphology or the bacterium 
did not have sufficient cementation solution to complete the formation of sufficient size spherical 
crystal (vaterite), to later form calcite. Which as indicated earlier is the preferred calcium carbonate 
morphology since it is rhombohedral in shape, metastable and contributed to strength formation. 
 
 
 
4.5.4. Relationship between type of bacteria urease activity and compressive strength 
There is a definite relationship between urease activity and calcium carbonate precipitation, as the 
hydrolysis of urea produces the carbonate ions that are needed for the formation of calcium 
carbonate. However a high SUA is also needed, to produce sufficient calcium carbonate near the 
bacteria surface, in order to cause super-saturation and the precipitation of calcium carbonate 
crystals.  
 
Figure 4.8: The effect of different concentrations of cells (2.9-186mM urea hydrolyzed.min-1) on 
strength formation, urea conversion and Ca2+ ions precipitation during the biocementation process. 
The strength (Kg.cm-2, ◇) urea conversion (mM,●) and Ca2+ ions precipitation (mM,∆) –calculated 
from insoluble Ca2+ ions analysis- after 2 weeks from the start of biocementation reaction (addition of 
1M cementation solution). (Source: Al-Thawadi 2008) 
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In the experiments conducted by Al-Thawadi (2008) bacteria with high urease activity were 
selected. MCP11 and MCP1 are bacterial cultures collected from local soil, decomposing matter 
and urinal encrustations. Although MCP1 and S. pasteurii had a high urease activity, the 
compressive strength produced was very low; this was suggested to be the cause of inhibitory effect 
of cementation solution or the bacterial attachment and retention ability. MCP11 which also is 
composed mainly of the Bacillus group, closely relate to S. pasteurii proved to be most effective, 
producing over 30MPa of UCS under the same cementation conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
4.5.5. Strengths gained through supplemented cementation solutions 
Al-Thawadi (2008) also states that the strength gain can be affected by the type of supplement in 
the cementation solution. In the Figure 4.10 it can be noted that the strength gained by the usual 
calcium chloride and urea cementation solution is low, at about 11MPa. If the solution is 
supplemented by additional urea the strength may be increase to about 16MPa. However if the 
cementation solution is supplemented with the growth medium the strength further increases to over 
20MPa. This can be attributed to the revitalizations of the bacteria and thus increased urease activity 
and prolonged life of urease activity. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10:  The actual calcium carbonate precipitation per gram sand (mg.g-1) versus the 
unconfined compression strength of the columns supplemented with urea, calcium/ urea 
and yeast extract medium and calcium / urea, which were continuously up flushed. 
(Source: Al-Thawadi 2008) 
Figure 4.9: The correlation between the input urease activity and strength production 
(Source: Al-Thawadi 2008) 
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4.6. Failure mechanism of calcite due to shear loading 
 
The calcite in biocementation is mainly concentrated around particle-particle contacts as such the 
bonds formed at these points are strong and are the primary contributors to strength formation. 
Hence in order for failure to occur, there exist only two simplified alternatives to how the bonded 
calcite and silica particles may fail. These are illustrated schematically in the figure 4.11 below, 
under shear, tension and compression loading.  
 
The first ideal situation is that the fracture occurs within the calcite, depending on calcite properties. 
And the second is that the fracture occurs at the calcite-sand adhesions point, whose strength 
depends on the sand particle properties and the physical bond between the calcite and the sand. In 
reality the actual fracture will be a composition of the two (DeJong et al 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.7. Conclusions 
 
• Bacterial retention is an important factor in the production of calcium carbonate 
crystals. As more the bacteria retained more effective the cementation process and 
higher the urease activity. 
• High ionic strength of the fixation fluid will cause bacteria to adhere to the particle 
surface. And low ionic strength will cause detachment of bacteria from particles. 
• Premixing of bacterial cells with 6mM calcium ions prior to injection, improved cell 
retention by 3 to 5 fold. 
• Bacterial cell retention can be increase to 40-64% by an incubation time of 24 to 48 
hours. 
• Microbial size being considered is between 0.5 to 0.3µm. Thus the pore volume of the 
matrix material being considered for injection has to have a pore volume large enough 
to accommodate said microorganism. 
• Through biocementation permeability of the matrix material is reduced by 15bto 22%. 
Figure 4.11: Illustration of calcite failure mechanism alternatives of calcite due to 
compression and or shearing. (Source: DeJong et al. 2008) 
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• Strength induced through biocementation is mainly due to calcium carbonate 
precipitation at particle-particle contact points. 
• The amount of calcium carbonate precipitated directly influences the strength of the 
cemented material. The maximum precipitation of calcium carbonate occurs at 0.5M 
cementation solution concentration.  
• Higher strengths can be achieved for the same calcium carbonate concentration, 
proportionate to increasing dry density. 
• There is a stronger correlation between strength and dry density than strength and 
calcium carbonate precipitation. However calcium carbonate is still needed for 
bonding. 
• The optimum concentration of bacteria used is around 216g.L-1, by dry weight. 
• Depending on the type of bacteria being used the urease activity and bacterial resilience 
will very. Locally available bacteria have been shown to be very successful in the 
application of biocementation. 
• Since Bacteria need oxygen and nutrients for its metabolisms, a supplemented 
cementation solution with growth medium and sodium nitrate can restore urease 
activity. 
• Fracture of the cemented material can occur due to the fracture of calcite or the 
disassociation between the bonded calcite and aggregate particle surface.  
• The maximum unconfined compressive strength achieved so far is 30MPa. 
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5. Proposed process for MICP as a 
substitute for Portland cement 
 
 
 
Summary 
In this chapter the process of biocementation using MICP for the production of bioconcrete  has 
been analyzed, including the possible defects that can occur in bioconcrete, like the formation of 
preferential flow paths, formation of calcium carbonate lances, clogging of pores and uneven 
calcium carbonate precipitation, presence of organic matter and incomplete formation of calcite. 
 
The use of MICP for the production of bioconcrete has to be conducted under controlled conditions. 
As such it is ideally suited for the precast industry. Using biological, chemical and physiological 
characteristics of the cementation process it is possible to control the properties of the material as 
needed. 
 
The materials used in biocementation are naturally occurring, and as such can be easily obtained. 
The bacteria can be a local strain preferably from the bacillus group with high urease activity. The 
aggregate used can be of varying sizes with fine filler particles and preferably of negatively charged 
material, so as to improve adhesion. Glucose or other nutrient sources may be used to coat the 
aggregate, and improve bacterial adhesion also. Premixing of bacteria with aggregate can facilitate 
homogeneous distribution and allow for higher dry densities and consequently strength 
improvements, In case of excessive mechanical stressed bacterial spores can be used. Premixing of 
a calcium source (e.g. Slag) may also be beneficial in cost reduction, homogeneity and bacterial 
retention.  
 
In the suggested production process, a minimum compressive strength of 20Mpa is considered. 
Accordingly the dry density is set at 2.1g.mL-1 and bacterial concentration of 200g.L-1. The growth 
medium and cementation solution concentrations are calculated accordingly, from the collected 
database.  
 
Four different production processes, are suggested and discussed, in relation to the material 
concentrations, time, application method and flow rates if any. The production processed include 
the batch phase application and contentious flow application with suitable modifications as per the 
data collected in the previous chapters, and an adopted hybrid process of premixing bacteria and 
aggregate as suggested for bacterial mortar applications (Castanier (1995)). An additional 
application process for surface treatment has also been proposed based on similar application 
processed proposed by Tiano et al (1999).  
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5.1. Introduction 
 
As we have seen MICP can be used for biocementation, however there are many factors that need to 
be controlled, as there exists possible treats or issues that could hinder the biocementation process 
and consequently the material properties. These treats have been identified and listed in Section 5.2. 
Hence, in order to propose an appropriate and complete method of biocementation by MICP for the 
production of bioconcrete, the issues have to be tackled.  
 
If the factors stated in Section 5.2 can be controlled in an industrial environment, it will be possible 
to influence material properties such as strength, porosity color or even texture. This can prove to be 
highly beneficial in the precast industry to produce permeable pavements, ground covers, porous 
partition membranes, brix, coating permeable surface, etc…The main focus of this chapter is to 
determine a suitable process of biocementation for the 1m3 bioconcrete. Thus, defining the 
quantities of various materials necessary at different phases during biocementation, with the most 
suitable method of application.  
 
5.2. Possible biocementation issues or treats 
 
5.2.1. Formation of preferential flow paths 
If the compaction of aggregate into molds is not done uniformly, and due to particle and void 
properties, during the cementation phase preferential flow paths may be formed. This tends to occur 
when the cementation of large volumes of matrix material is attempted, for example in the 1m3 
experiment conducted by van Paassen (2009). This phenomenon did not occur in smaller scale 
experiments. The presence of preferential flow paths leads to uneven distribution of the bacteria and 
supply of cementation solution, in turn non-uniform precipitation of calcium carbonate. 
 
5.2.2. Formation of calcium carbonate lances 
It can be noted that in very large scale experiments, for example the 100m3 experiments conducted 
by van Paassen (2009) preferential flow paths were created in the form of planes within the matrix 
material. This resulted in uneven precipitation of calcium carbonate; the formation of lances within 
the matrix material and the uneven strength formation along the volume of the material. 
 
5.2.3. Clogging of pores and uneven calcium carbonate precipitation 
In case the pore voids within the matrix material are clogged by some organic matter, clay or 
extremely fine particles the flow paths of the injected solution change, causing pockets that are not 
cemented. These may also occur in-case the calcium carbonate precipitation is very rapid in one 
region causing the pores to be blocked by precipitate, and forcing the cementation solution to 
choose an alternate path.  However this phenomenon is less common under continuous 
biocementation as the pores are less likely to close due to fluid flow pressure. As suggested by van 
Paassen et al. (2009). 
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5.2.4. Presence of organic matter in bioconcrete 
The presence of organic matter in the bioconcrete after cementation process is over can cause the 
degradation of calcium carbonate. Due to the decomposition the organic matter amino acids are 
produced, which can cause the calcium carbonate to react and dissolve, as mentioned by A. W. 
Decho (2009). This loss of calcium carbonate is very small and negligible as the quantity of bacteria 
present is small.  
 
5.2.5. Incomplete precipitation of calcite from vaterite  
In case the cementation process is not carried out for a sufficient amount of time, all the vaterite 
crystals that are formed may not be converted to calcite. This will directly affect the strength of the 
bioconcrete, as calcite is the morphology of calcium carbonate that gives maximum strength, 
through particle-particle bonds. 
 
5.3. Use of MICP in the precast industry 
 
5.3.1. Advantages to using this process 
• The material properties can be easily be controlled. 
• The material could be made to be auto healing in nature. 
• The materials used in biocementation are easily available in nature. 
• The process of biocementation exists in nature and hence is environmental friendly. 
• The process could potentially be done using primarily waste products.  
• The amount of raw materials used could be controlled and minimized based on the 
material properties wanted. 
 
5.4. Potential sources of raw materials 
 
5.4.1. Selection of bacteria 
The bacteria used in most of the biocementation experiments has been S. pasteurii, however local 
strains of bacteria can be used. In the selection, a bacterium with high urease activity and with a 
strong resilience to cementation solution needs to be selected. As has been shown by Al-Thawadi 
(2008) local strains of S. pasteurii are very common around the world in soil, decomposing mater 
and urinals.  
 
5.4.2. Aggregate used 
In the production of bioconcrete it will be possible to select the aggregate being used for 
biocementation. As in conventional concrete large, medium and small aggregate can be use along 
with fine filler particles. However the pore volume of the material should be such that it allows for 
easy movement of the bacteria and cementation solution. This can also be avoided if the bacteria are 
premixed in the aggregate prior to setting in the precast moulds.  
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The type of aggregate being used also plays an important role, as if the aggregate is negatively 
charged it will attract the bacteria to adhere to it as it is positively charged in nature. Also the 
surface texture of the particles being used could preferably be rough to improve calcite bonding. As 
mentioned by Van Paassen (2009) the type and texture used have an impact on bacterial retention 
and strength produced by biocementation. Coating the aggregate with glucose or other protein 
sources can also enhance affinity of bacteria to adhere to the particle surface. 
 
5.4.3. Premixing bacteria with the aggregate 
In the case of using bioconcrete it may be possible to premix the bacteria with the aggregate thus 
ensuring its homogeneous distribution along the volume of the matrix material. However studies 
will need to be conducted, in order to study the effect of this mechanical process on the bacteria. 
Thus the pore volume need not be high as only the transportation of cementation solution will be 
necessary, that too in ionic form. 
 
5.4.4. Addition of spores 
Addition of bacterial spores to the aggregate can also be advantageous since spores are more 
resistant and can survive extreme conditions, during mixing and compaction. It has been suggested 
by Nele De Belie et al (2010) that sporulation can be induced in S. pasteurii by the addition of 
magnesium to the culture. However, studies need to be conducted on the urease activity of the 
bacteria formed out of the spores.  
 
5.4.5. Using clinker to improve bonding of bacteria- by premixing slag with aggregate prior 
to compaction 
As mentioned by DeJong et al. (1999), slag from blast furnace of the steel industry is a rich source 
of calcium and can be used in biocementation. As such it may be possible to premix the slag into 
the aggregate before casting into moulds. 
 
 
5.5. Compaction of aggregates 
 
As shown in the studies conducted by van Paassen et al. (2009) dry density has a strong influence 
on strength gained during biocementation. Since the setting of the aggregates will be in a controlled 
environment, the dry density can be controlled and selected based on the bacteria used and 
properties of material desired. 
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5.6. Estimation of CaCO3 precipitation, dry density and bacteria needed 
to produce 1m3 bioconcrete with 20MPa 
 
(i) Dry density 
The matrix material needs to be compacted up to a dry density of 2.1g.mL-1 as can be seen 
in figure 4.7 by van Paassen et al. (2009). Injection of bacteria and cementation solution at 
this compaction level has been shown possible. Since at higher dry density less calcium 
carbonate is needed to produce similar strengths, more compact the material, more efficient 
the cementation process. 
 
According to van Paassen (2009) aggregate with dry density of 1.7g.mL-1 and 1.67g.mL-1 
have a porosity of 33% and 37.8%. For the purpose of a suggestive pore volume, the 
porosity can be calculated proportional to the above, giving a pore volume of 26.71% to 
30.06%. This gives an approximate pore volume of 0.2839m3 or 283.9L. 
 
(ii) Bacteria 
The ideal bacterial concentration to be injected into the matrix material is 200g.L-1 (biomass 
dry weight per litter of solution). This can be inferred from the figure 4.8 given by Al-
Thawadi (2008). 
 
(iii) CaCO3 amount 
In figure 4.10 by Al-Thawadi (2008) it can be noted that approximately 190mg of calcium 
carbonate per gram of aggregate needs to be precipitated for strengths above 20MPa. 
However in figure 4.5, it is indicated that 100mg of calcium carbonate per gram of 
aggregate, is needed to produce the same strength.  
 
In the studies conducted by van Paassen (2009) 0.2MPa to 20MPa is produced by 30 to 
600kg.m3 calcium carbonate precipitate. However he also indicated that this discrepancy 
can be attributed to the variations in dry density. As such for the purpose of quantification 
we can assume that 190kg.m3 of calcium carbonate is needed to gain strengths greater than 
20MPa. 
 
5.7. Estimation of materials needed for 1m3 bioconcrete with 20MPa 
 
5.7.1. Bacterial culture 
S. pasteurii or any other local bacteria strain with sufficiently high urease activity, resilience to 
cementation materials and non-pathogenicity to nature, can be used in the formation of bio-
concrete. The bacterial can be sourced from local national institutes that cultivate micro-organisms. 
The growth of S. pasteurii has to be conduct in an aerated stir tank, since the bacteria is aerobic in 
nature and needs oxygen for its normal metabolic activity.  
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(i) Protein source 
20g.L-1 of Yeast extract is used as a protein source for the culture of the bacteria. Any 
further increase will cause insignificant increase in biomass (bacterial growth). As 
suggested by Al-Thawadi (2008).  
 
The yeast extract can also be substituted for an alternate protein source like vegemite, or 
waste water as suggested by Whiffin (2004). In-order to maintain the same protein content, 
the 20g.L-1 of Yeast extract will have to be substituted by 33g.L-1 vegemite or 24g.L-1 waste 
water. As can be concluded based on Table 2.2 in Chapter 2. 
 
(ii) Ammonium chloride 
 10gL-1 NH4Cl  
 
(iii) Nickel chloride 
10µM Nickel chloride is added, since urease activity is increased up to 3 fold when the 
bacterium is grown in the presence of nickel ions. As suggested by Al-Thawadi (2008). 
 
(iv) Controlling the pH 
The ideal grow the pH for maximum initial urease activity is 8.5. Before the addition of the 
bacteria to the growth medium, this pH is set by slowly adding 4M NaOH. As suggested by 
Van Paassen et al. (2009). 
 
(v) Time for culture 
S. Pasteurii has a doubling time of 2 hours, if enough of oxygen and nutrients is supplied. 
The total growth of the bacterium culture can be done in 24 hours if 1% of the final volume 
of bacteria is added initially. Van Paassen (2009). 
 
5.7.2. Cementation phase 
(i) Concentration of cementation solution 
In figure 4.4 by Al-Thawadi (2008) it can be inferred that the ideal concentration for 
cementation solution is 0.5M, which will cause the precipitation of 145mg of calcium 
carbonate per gram of aggregate. 
0.5M of cementation solution is an ideal concentration as the production of large crystals is 
relatively high, as can be noted in figure 3.8 by Al-Thawadi (2008). 
 
(ii) Urea concentration 
Assuming the above that 190mg of calcium carbonate per gram of aggregate is needed, it is 
estimated that 399kgs of calcium carbonate are needed per m3. Thus the urea needed is 
114.1kg (urea molar weight = 60.06g.mol-1, calcium carbonate molar weight = 
100.87g.mol-1). Considering that the urea needs to be supplied at 0.5M concentration, 
giving a total solution concentration of 3799.54L. 
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(iii) Calcium chloride 
From the above concentration of urea the concentration of calcium chloride can be 
calculated to be 210.87kg (industrial calcium chloride molar mass = 110.98 g.mol-1). Which 
gives 3799.0L of solution at a molar concentration of 0.5M; this corresponds to the quantity 
of urea to be injected. 
 
(iv) Calcium nitrate 
It has been shown by Whiffin (2004) that large concentrations of calcium nitrate over 0.75 
moles, inhibits urease activity. However Al-Thawadi (2008) has shown that sodium nitrate 
can rejuvenate the bacteria during the cementation process. So it may be advisable to 
substitute a small quantity of calcium chloride with calcium nitrate. As such a 10% 
substitution corresponds to 6.6g of calcium nitrate for every 5.55g of calcium chloride per 
liter of cementation solution (molar weight calcium nitrate = 132g.mol-1). 
 
Further studies on the permissible and needed concentration of calcium nitrate and its effect 
on urease activity in small proportions need to be conducted. 
 
(v) Estimated time for cementation phase 
As can be seen in figure 3.7 by Al-Thawadi (2008) the ideal time for cementation is 23 
hours, as it allows for the production of maximum crystals and the full growth of the 
crystals to their maximum size. 
 
(vi) Estimation of flow rate needed. 
In the batch phase cementation process the flow rate used for the injection of bacteria and 
fixation fluid is 300ml.h-1, and the injection of cementation solution will be at 100ml.h-1. As 
suggested by van Paassen (2009). 
 
In the continuous phase experiments the bacteria and fixation fluid is 300mL.h-1, and the 
injection of cementation solution will very, starting at 100mL.h-1 and eventual rise to 
600mL.h-1. 
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5.8. Application process 
 
5.8.1. Bacterial culture  
Phase Description  time Details  
Culture 
medium 
Aqueous suspension. In 
High aeration stir tank, with 
8.5 pH. 
------- 20g.L-1 of Yeast extract, 10g.L-1 
NH4Cl and  10µM NiCl2 
Addition of 
bacteria 
Addition of 1% bacteria of 
total final volume needed 
[1%(200)gL-1 bacteria. 
(biomass dry weight)]. 
24 hours 2 g.L-1 bacteria (biomass dry 
weight) This gives a total 
quantity of 567.8g, with 
continuous supply of oxygen. 
Table 5.1: Summary of bacteria culture phase wise 
5.8.2. Batch phase application 
The matrix material is first rinsed with water, in order to remove any impurities. Then the bacteria 
are injected immediately followed by the saline solution and then the fixation solution. After the 
fixation time has passed approximately 24 hours, the cementation solution made up of calcium ions 
(calcium chloride/ nitrate),  urea and protein source is injected and kept for the cementation process 
to take place till all the urea is hydrolyzed. This process is repeated as many times as necessary. 
Finally the matrix material is rinsed to remove the waste ammonium chloride. 
Phase Description  Flow 
rate 
Total concentration Details  
Rinse Water flush 0.30 1 pore volume. 
Approximately 283.9L 
Tap water 
Placement Bacterial injection 0.30 1 pore volume. 
Approximately 283.9L 
200 g.L-1 bacteria. 
(biomass dry weight)  
Injection of 
saline 
solution. 
Injection of low 
concentration saline 
solution, to prevent 
osmotic shock. 
0.30 1 pore volume. 
Approximately 283.9L 
Less than 0.05 M 
CaCl2 
Fixation  CaCl2 injection 0.30 1 pore volume. 
Approximately 283.9L 
0.05 M CaCl2 
Setting time  0.00 --------------------- 24 hours. 
Cementation Reaction fluid injection, 
of 1 pore volume 
(283.9L), supplied every 
23 hours. Estimated 
number of phases is 14. 
0.10 
to 
0.60 
3799.54L of 
cementation solution 
supplemented with 
protein source.  
0.5 M urea, and 0.5M 
[CaCl2 and Ca(NO3)2 
] and 20g.L-1 YE 
Rinse Water flush 0.30 1 pore volume. 
Approximately 283.9L 
Tap water 
Table 5.2: Summary of Batch phase application method 
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5.8.3. Continuous phase application 
The first steps of rinsing, injection of bacterial, saline and fixation solution are the same as 
mentioned in the batch phase application. Next the cementation solution of calcium chloride/ 
nitrate, urea and protein extract are continuously injected and re-circulated at a constant rate till a 
low hydrolysis rate is detected, and nearly all the urea is depleted. 
 
 
Phase Description  Flow 
rate 
Total concentration Details  
Rinse Water flush 0.30 1 pore volume. 
Approximately 283.9 
liters. 
Tap water 
Placement Bacterial injection 0.30 1 pore volume. 
Approximately 283.9 
liters. 
200 gL-1 bacteria. 
(biomass dry 
weight)  
Injection of 
saline 
solution. 
Injection of low 
concentration saline 
solution, to prevent 
osmotic shock. 
0.30 1 pore volume. 
Approximately 283.9 
liters. 
Less than 0.05 M 
CaCl2 
Fixation  CaCl2 injection 0.30 1 pore volume. 
Approximately 283.9 
liters. 
0.05 M CaCl2 
Setting time  0.00 --------------------- 24 hours. 
Cementation Reaction fluid 
injection, of 1 pore 
volume (283.9L), 
contentiously supplied.  
0.22  3799.54 liters of 
cementation solution 
supplemented with 
protein source.  
0.5 M urea, and 
0.5M [CaCl2 and 
Ca(NO3)2 ] and 
20g.L-1 yeast 
extract. 
Rinse Water flush 0.30 1 pore volume. 
Approximately 283.9 
liters. 
Tap water 
Table 5.3: Summary of Continuous phase application method 
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5.8.4. Premixing of bacteria and aggregate 
Another potential method of application is to premix the bacteria with the aggregate prior to 
compaction in the moulds. This is similar to the formation of bacterial mortar paste proposed by 
Castnier et al  (1995) and as such the urea will need to be supplied to the bacteria later through 
injection. In this method it will be possible to achieve higher compaction since the injection of 
bacteria can be avoided. Also sodium nitrate and supplemented food source may be needed to be 
added to the urea, in order to revive the bacterial urease activity. 
 
 
Phase Description  Flow 
rate 
Total concentration Details  
Setting of 
aggregate in 
moulds. 
Premixing bacteria and 
aggregate, and setting 
into moulds with 
2100kg.m3 dry density. 
------ Considering the pore 
volume, the bacteria 
added should be in 
excess of 56.78kgs. 
56.78kgs.m3 
bacteria (biomass 
dry weight) and 
water to maintain 
workability.  
Injection of 
saline 
solution. 
Injection of low 
concentration saline 
solution, to prevent 
osmotic shock. And 
facilitate detachment 
of bacteria. 
0.30 1 pore volume. 
Approximately 283.9 
liters. 
Less than 0.05 M 
NaCl2 
Fixation  CaCl2 injection to 
facilitate the 
reattachment of 
bacteria at particle-
particle contacts. 
0.30 1 pore volume. 
Approximately 283.9 
liters. 
0.05 M CaCl2 
Setting time  0.00 --------------------- 24 hours. 
Cementation Reaction fluid 
injection, of 1 pore 
volume (283.9L), 
supplied at every 23 
hours.  
Estimated number of 
phases is 14. 
0.10 
to 
0.60 
3799.54 liters of 
cementation solution 
supplemented with 
protein source.  
0.5 M urea, and 
0.5M [CaCl2 and 
Ca(NO3)2 ] and 
20g.L-1 yeast 
extract. 
Rinse Water flush 0.30 1 pore volume. 
Approximately 283.9 
liters. 
Tap water 
Table 5. 4: Summary of Premixing of bacteria and aggregate method 
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5.8.5. Calcium carbonate surface application 
In order to reduce porosity of a surface or restoration of stone work, it is possible to induce calcium 
carbonate precipitation on surfaces. By first the application of bacteria which is sprayed on and 
followed by the repeated spray application of cementation solution, until the desired thickness of 
film is obtained or urease activity is very low. 
 
Phase Description  Details  
Bacterial 
application 
Bacterial spray 200 gL-1 bacteria. (biomass dry 
weight) 
Fixation 
solution 
CaCl2 spray 0.05 M CaCl2 
Setting time 24 hours. 
Cementation 
application 
Reaction fluid supplied as 
required.  
0.5 M urea, and 0.0M [CaCl2 and 
20g.L-1 yeast 
Reaction time  
Rinse Water spray  
Table 5.5: Summary of Calcium carbonate surface application method 
 
5.9. Discussions 
 
Due to time and funding constraints, the above proposed processes could not be tested. However it 
can be concluded that the premixing method of aggregate and bacteria, prior to casting will produce 
the most effective results. It is important to further study the effects of different amounts of calcium 
carbonate precipitation with respect to dry density, in-order to produce high unconfined 
compressive strength. Also the premixing process method is crucial, as excessive mechanical 
stressed may kill the bacteria, and eventually cause the loss of urease activity.  
 
Another important aspect is the flow rate, through the matrix material. In order to maintain the 
suggested flow rates, it is necessary to provide multiple injection extraction points, for the 
cementation solution. This can be advantageous, as the cementation distance can be reduce and the 
flow paths can be influenced and as such controlled, with more accuracy.  
 
Controlling the flow paths in the biocementation reaction, can be used to maintain homogenous 
cementation, or preferential treatment, with varying properties within the same cemented unit.  
 
As the cementation process continues the urease activity of the bacteria keeps varying and as such 
the urea hydrolysis rate. This will lead to the time needed for total urea hydrolysis, and complete 
calcium carbonate precipitation to keep varying. Under current experimental condition the effluents 
are tested, and the time is accordingly set. This is laborious and does not guaranty precise real time 
data. Hence it will be highly beneficial to have an automated system that, keeps a check on urease 
activity, hydrolysis rate and calcium carbonate precipitation. This information collected can be used 
to regulate flow rates, cementation solution concentrations, protein source and nitrate ions to 
rejuvenate urease activity and varying time needed for the cementation phases. 
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The addition of a calcium source to the aggregate while premixing with aggregate has to be studied 
further. The use of a bacterial mortar has been studied by calcite bioconcept (2008), and proven to 
be successful. DeJong et al. (2008) has suggested the addition of slag from blast furnace as a 
calcium source. This can prove to be highly advantageous as, it will involve the use of the waste 
product from the steel industries. However more research is needed: to its application, quantity, 
effect on urease activity and porosity. 
 
The chemical composition of slag as given by Veena Sarna (2011) is: 
Compound  Chemical Formula  Composition  
Calcium Oxide CaO 31% - 40% 
Silicon Dioxide SiO2 29% - 38% 
Aluminium Oxide Al2O3 14%- 22% 
Magnesium Oxide MgO 7% - 11% 
Ferrous Oxide Fe0 0.1% - 1.9% 
Manganese Oxide MnO 0.01% - 1.2% 
Sulphur S 1.0% - 1.9% 
 
Basicity CaO/ SiO2 0.90% - 1.3% 
Table 5.6: chemical composition of slag (Source: Veena Sarna (2011)) 
 
The process of hydration of calcium oxide to calcium hydroxide or quick lime in the presence of 
water is an exothermic process the equation for which is given below: 
 
CaO (s) + H2O (l) Ca(OH)2 (aq)   (∆Hr = −63.7 kJ/mol of CaO) 
 
The process of precipitation of calcium carbonate from calcium hydroxide. 
 
Ca(OH)2 + CO2 → CaCO3 + H2O 
 
Further study is needed on the effect of materials present in slag on types of crystals produced, 
urease activity and on the bacteria: To deduct the amount of slag that can be mixed and the amount 
permissible without affecting the cementation process. 
 
The presence of manganese and magnesium in the slag will favor the precipitation of calcite and 
aragonite crystals, as suggested in chapter 3. This is beneficial, as calcite is the crystal that mainly 
contributes to the strength gain.  
 
Also if the slag is used as a complement to aggregate depending on the particle sizes available, the 
bacteria will have a natural tendency to attach to the calcium surface present, as they are oppositely 
charged, and this will drastically improve cell retention- as has been mentioned in chapter 4. 
 
Considering that the total calcium oxide content of the slag is hydrolyzed, consumed and 
precipitated as calcium carbonate. For the above strength considerations we will need to add 
106.55kg of calcium oxide (56.077g/mol) which will correspond to 343.71kg to 266.38kg of slag, 
depending on the calcium oxide content of the slag.  
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The exothermic heat released will be 121034.2kJ. This will correspond to approximately 28.9oC 
increase in temperature, if all the calcium hydroxide is hydrolyzed at the same.  
 
During the biocementation process, the cementation solution needs to be supplied as batches or 
contentious flow. The choice of the method used will affect the bacterial retention capacity 
depending on the fluid flow velocity and viscosity. Also under contentious flow cementation the 
urease activity decreases faster in time, as suggested by van Paassen et al. (2009).  
 
At higher dry densities as suggested the pore volume will decrease, this will increase flow 
velocities, however it will also decrease pore volume and hence increase bacterial retention. A 
suitable balance will be needed to be achieved to retain maximum bacteria, and maintain a constant 
flow rate. In regards to the decay of urease activity, it may be prevented through the supply of a 
protein source and nitrate ions, to rejuvenate the bacteria. 
 
 
5.10. Conclusions 
 
• It has been shown that the application process of biocementation is diverse, and can be 
modified to suit the production process and material properties wanted. 
• The preferred method for biocementation for the use in the precast industry, according 
to this study is the premixing method, however substantial research and 
experimentation is still needed. 
• Addition of slag as a suitable calcium source is a viable option, considering the method 
of application and real time hydrolysation rates of calcium oxide. 
 
 
 
 
 
 
 
 
Estudio Relativo al Hormigón Bacteriano: Fabricación y Potenciales Campos de Aplicación Chapter 6 
 
Roger Arun D´Aquino Henriques 
Universitat Politècnica de Catalunya (UPC) 
63 
 
 
6. Conclusions 
 
It can be concluded that bioconcrete can be used as a suitable substitute for normal Portland cement. 
However further studies are needed in the fields of: 
 
6.1. Effects of materials used in growth medium 
 
Materials used in the growth medium are NH4Cl to adapt the bacteria to the presence of ammonium, 
protein source for the metabolism and growth of the bacteria, nickel ions as NiCl2 and calcium ions 
as CaCl2 as catalysts to improve specific urease activity, and oxygen as the bacteria is aerobic in 
nature. Further studies need to be conducted to determine the effect of temperature on the growth of 
bacteria and the presence of any additional catalysts. 
 
 
6.2. Effects of materials used in cementation solution 
 
Urea is used to provide the carbonate ions for the precipitation of calcium carbonate, through its 
hydrolysis, and calcium ions are supplied as calcium chloride.  
 
Calcium nitrate may also be used as it may revive the bacteria and also provide calcium ions, 
however, as seen in the experiments by Whiffin (2004) very high concentrations inhibits urease 
activity. As such further research is needed to verify its effects at low concentrations, under 
cementation conditions. 
 
Another potential source for calcium ions is blast furnace slag, and can be a complement to the 
aggregate used, considering the particle sizes available.  However the effect of other compounds 
present need to be investigated.  
 
 
6.3. Enhancing urease activity 
 
It has been shown that many conditions affect urease activity directly like pH, specific urease 
activity, calcium content, nickel content and time, or indirectly by increasing urea hydrolysis rates 
through increasing temperature, rejuvenating bacteria by supplying oxygen and the limiting effect 
of calcium carbonate precipitation on ionic diffusion.   
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In this way the hydrolysis rate can be potentially controlled. However further studies are needed to 
understand the combined effect of these control points and the consequences of varying hydrolysis 
rates. 
 
 
6.4. Material properties 
 
Material properties of bioconcrete have yet to be fully understood, in the studies conducted so far, 
porosity, shear resistance and compressive strengths have been analyzed, wherever possible, 
however the results show considerable variances.  
 
Although considerable data has been collected on attainable strengths and porosity through 
biocementation, hence, the process needs to be perfected so as to produce definite and consistent 
results.   
 
 
6.5. Potential for application of biocementation for bioconcrete in the 
precast industry 
 
The use of biocementation in the precast industry is a viable option. With the ability to produce 
concrete with high porosity and strengths comparable to that of normal Portland cement concrete. 
However further studies and experimentation is needed, to refine the application process and quality 
control. 
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7. Future perspectives  
 
 
 
 
 
 
 
7.1. Reuse of bioconcrete 
 
Bioconcrete is fundamentally made from calcium carbonate and sand, as such the residues after use, 
can either be returned to the soil or restored. Since the material is porous in nature it will be possible 
to inject a new bacterial suspension and cementation solution, forcing new calcite crystals to 
precipitate on existing calcite, thus renewing its strength. 
 
 
7.2. Possibility of strength improvements 
 
The cementation in bioconcrete primarily occurs due to the presence of calcium carbonate, and the 
amount of calcium carbonate precipitated is dependent on the quantity of cementation solution used. 
As such to reduce the amount of calcium carbonate needed to be precipitated and produce similar 
strengths the pore void size and dry density need to be regulated. Hence further studies are needed 
for the assessment of the relationship between dry density, calcium carbonate precipitation and 
compressive strength. 
 
It has indicated that increasing temperatures causes higher urea hydrolysis rates, however further 
studies are needed to analyze the effects of the higher hydrolysis rates, as it will have a direct 
influence on the saturation levels and type of crystals produces, and as such the properties of the 
bioconcrete produced. 
 
 
7.3. Improving cell retention capacity 
 
As can be understood in chapter 4, bacterial retention is an important factor in biocementation. Cell 
retention can be improved by using oppositely charged particles to the bacteria so as to improve 
bonding, as suggested by Van Paassen (2009). Bacterial adhersion can also be induced by coating 
of aggregate with glucose, or nutrient source as suggested by Al-Thawadi (2008). Both the above 
suggested methods need to be studied further. 
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7.4. Alternate sources for calcium 
 
Alternate sources for calcium also need to be analyzed, as it may not only reduce cost, but also 
make the cementation process more adaptable, to the aggregates or bacteria being used, or 
application.  
 
Some alternate sources that could be studied further are calcium nitrate in part instead of calcium 
chloride as suggested by Whiffin (2004) or calcium lactate or calcium acetate as suggested by Nele 
De Belie et al (2010) or blast furnace slag (De Jong et al (2008)).  
 
 
7.5. Waste water treatment 
 
The potential sources for protein source have been listed in table 2.2, chapter 2. However in the 
majority of the studies conducted, yeast extract has been used. Whiffin (2004) has studied the 
effects of using vegemite and acetate. The yeast extract used in the studies is of laboratory grade 
and one of the more expensive components of bacterial culture. As such it highly beneficial to study 
potential alternative cheap sources and suitable processing either pre or post culture, like waste 
water, etc. 
 
 
7.6. Potential for alternate urea source 
 
Urea is a major component used in the biocementation process. At present the pure chemical form 
is being used. This may be substituted for urine as it contains large concentrations of urea. However 
even though sterile conditions are not needed for biocementation, it is necessary to study the effect 
of the presence of other chemicals in urine on the bacteria and cementation process. 
 
Compound  Chemical formula Concentration  
Urea CO (NH2)2 9.3 g/L 
Chloride Cl-1 1.87 g/L 
Sodium  Na+1 1.17 g/L 
Potassium  K+ 0.750 g/L 
Creatinine  C4H7N3O 0.670 g/L 
95% water, other ions, salts and organic mater 
 
As has been explained by Van Paassen (2009) sodium chloride has similar effect on urease activity 
as calcium chloride but to al lesser extent. As such it can be regulated and controlled. However the 
effects of potassium and other salts present have yet to be analyzed.  
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In the cementation solution with 0.5M urea, corresponding to 30.03g.L-1, the total additional NaCl 
(58.44g.M-1) will be 9.9g.L-1, corresponding to 0.17moles. Thus the total inhibitory effect of salts 
present in the cementation solution will be proportional to 0.67M (calcium chloride and sodium 
chloride) and can be estimated from the Figure 2.6 in chapter 2. 
 
Preferential formation of calcium carbonate or sodium carbonate will depend on the third law of 
thermodynamics. According to the equations below and Table 5.7 calcium carbonate is the 
preferred compound formed as it will release more energy and there will be a greater drop in 
entropy. 
 
Chemical equations  
 2NaCl   +    (NH2)2CO    +   2H2O          Na2CO3   +    2NH4Cl  
1130.77 +   2(407.27)      + constant          316.23  +   constant  
 
CaCl2    +    (NH2)2CO   +   2H2O             Na2CO3     +      2NH4Cl  
1207.6   +         877.3     +   constant         330.3    +    constant 
 
Compound  Standard enthalpy of formation ∆fHo298  Energy released in reaction  
NaCl -411.12 kJ mol−1 -316.23 
Na2CO3 -1130.77 
CaCl2 -877.3 -330.3 
CaCO3 -1207.6 
Table 5.7: showing the comparative standard entropy of formation of compounds formed by the addition 
of calcium chloride and sodium chloride. And the exothermic energy released in kJ.mole-1. 
(Wikipedia(2011)) 
 
Hence it can be assumed that calcium carbonate will form, if both sodium and calcium ions are 
present. Thus this process will continue as long as there is sufficient supply of calcium chloride. 
However further study is needed to verify the complete effects of this process. And the formation of 
some sodium carbonate cannot be ruled out. 
 
 
7.7. Studies on initial and latent strength  
 
If high urea hydrolysis is used, spherical crystals (vaterite) will be produced rapidly, followed by 
the formation of calcite. Hence the strength induced will vary over time considering the type and 
quantity of crystals present. Further studies need to be done to compare initial and final strength. 
Studies also need to be done on the on the possibility of total conversion of vaterite to calcite 
through external intervention, by controlling the pH, temperature and catalytic material, (Refer 
chapter 4). 
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Appendix 
Research work done up to date 
1. MCP for the restoration of historic monuments. Tiano et al (1999) 
Introduction  
o Studies have been done on the application of biologically mediated calcite 
precipitation, for the restoration of limestone in historic monuments. 
o The pore volume, strength and colour were studied. 
Procedure  
o The lime stone was wetted and brushed with a bacterial suspension, and fed with a 
nutrient medium every 24 hours. 
Results  
o The pore volume was reduced by 60%. 50% of which was attributed to calcite 
formation, and the rest was due to the formation of micro-organisms. 
o There was no significant increase in strength, and the sides of the stone were 
discoloured by the growth of air borne fungal containments. 
 
2. MCP by way of urea hydrolysis. Fujita et al (2000); Warren et al (2001) 
Introduction 
o MCP by way of urea hydrolysis, for the solid phase capture of divalent radionucleotide, 
strontium (90Sr+2) 
Procedure 
o The author used microbial precipitation to precipitate strontium from the ground water 
preventing environmental contamination. 
o This was achieved by adding high concentrations of urea and low concentrations of 
calcium. 
Results 
o All ground water collected and tested in the region, confirmed the presence of urease 
activity. Indicating that urea hydrolysis is a common phenomenon is the natural 
environment. 
o The rate of calcite precipitation was directly linked to the rate of urea hydrolysis. 
 
3. Removal of Ca+2 from industrial waste water. Hammes et al (2003)a;b;c. 
Introduction 
o It includes the process for waste water treatment. To remove calcium, by using 
ureolytic bacteria through the hydrolysis of bacteria. 
Procedure 
o The process involves the addition of bacteria and urea to the waste water, the analysis 
of effluents produced. 
Results 
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o The urease activity of certain bacteria isolates was increased up to 10 fold in the 
presence of 30mM of calcium. 
o It was suggested that the shape and size of the calcite crystals produced could be 
controlled by the rate of urea hydrolysis. 
o Up to 0.5g.L-1 Ca+2 was removed by addition of low concentrations of urea. 
Representing 90% of the total Ca+2 present. 
 
4. Selective plugging of sand. Ferris and Setehmeir et al (1992); Gollapudi et al (1995). 
Procedure 
o The studies were conducted my mixing bacteria and sand, prior to compaction into the 
cores, and application of a continuous gravity flow of urea/calcium/carbonate ions. 
Results 
o 50% reduction in flow was achieved after 45 hours and full pluging after 120 hours. 
o This indicated that the degree of plugging was proportional to the extent of treatment 
and hence could be controlled. 
 
5. Stocks- Fischer et al (1999) 
Results 
o It showed that microorganisms directly precipitated calcite precipitate, by providing a 
nucleation site (on its surface), and by creating an alkaline environment which favored 
calcite precipitation. 
o At high biomass concentrations, the rate of CaCO3 precipitation per cell decreased. 
Thus leading to the hypothesis that the calcite coating over the cell surface limited urea 
diffusion. 
 
6. MCP via urea hydrolysis, on Portland cement mortar cubes. 
Introduction 
o The effect of biomass concentration on the compressive strength of porous Portland 
cement cubes, was studied. 
Procedure 
o Speculating urease- producing bacteria were mixed, with cement and sand, and set into 
5 cube moulds. 
o The cubes were demoded after 28 hours and cured for 28 days, by placing in a urea/ 
calcium solution. 
Results 
o There was no appreciable gain in calcite concentration in the cubes. 
o Though there was a 24% gain in compressive strength. It can be noted that, low 
concentrations of bacteria produces this gain in strength, which was not the case for 
high concentration of bacteria. 
 
7. Biological Mortat. 
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Introduction 
o This process involves the fill if cracks or holes, with a biological mortar made from 
lime and bacteria. 
Procedure 
o The mortar was created by mixing crushed lime stone powder and a bacterial paste. 
This mixture was packed into a hole or crack. 
o This application also included antifungal agents, so as to prevent the growth of fungal 
contaminents. 
Results 
o The morter was effective in sealing cracks and discoloration could be avoide by the 
addition of antifungal agents. 
 
8. Calcite in- situ precepetation system (CIPS). Calcite technology pty Ltd (Perth, Australia). 
Introduction 
o The precepetation of calcite into an existing porus matrix material (eg. sand), inorder to 
produce binding strength. 
o CIPS can be used in situ without the need of removing the material or premixing. 
o CIPS cemented solution is a patented, property of Calcite technology pty Ltd. 
Results 
o The strength achieved is comparable to natural calcarenite. 
 
9. Microbial CaCO3 precipitation for the production of bio cementation. Victoria S. Whiffin 
et al (2004) 
Introduction 
o This study involved the biocementation of compacted matrix material (e.g. sand), in 
order to produce binding strength. 
Procedure 
o The process involves three applications of bacteria and cementation solution (calcium/ 
carbonate ions). 
o The bacteria used in this study were S. Pasteurii and P. Vulgaris. 
Results 
o The treatment can produce significant strength improvements in sandy material. 8-9 
fold increase in shear strength (1.8 Mpa) and a 3 fold increase in stiffness (275Mpa). 
o The porosity of the material produce was comparable to the natural porocity of the 
same untreated sand (no notable change). There was only a minor decrease in pore 
volume. 
o The depth of cementation achieved was 170mm. This penetration depth of bacteria was 
attributed to the, use of a carbonate free growth medium, which allowed for easy 
penetration, and prevented the precipitation of calcite before injection. 
o It has been observed that different types of sand have different capacities for calcite 
retention, depending on texture, grain size and pore volume. 
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o Although S. Pasteurii produced high urease, its activity varied significantly with respect 
to biomass. 
o It is indicated that a factor in the medium which increases during the growth was 
responsible for repression of high specific activity. 
o The lack of high specific urease activity was not due to the depletion of urea and not 
due to high concentrations of ammonia. 
o Ph. was shown to have a regulatory effect with higher specific urease activity. 
o It is suggested that there exists another regulatory mechanism other than that of PH. 
o The microorganism S. Pasteurii is resistant to cementation conditions, ammonium did 
not affect it up to 3 M at Ph. 9.25. 
o High concentrations of Ca+2 ions (50% Cl and 50% NO3) up to 1.5 M were tolerated 
by the cell. This representa an external concentration 106  times greater than the inside 
of the cell. 
o It is suggested that this calcium gradient allows microorganisms an additional role in 
calcite precipitation, by active extrusion of calcium via the Ca+2 / 2h+ pump. 
o A 6 -4 hour life span for the enzyme was observed under cementation conditions. 
 
10. Microorganisms versus stony material: A love hate relationship. Nele De Belie et al (2010) 
Introduction 
o Repairing of cracks in concrete and the bacteria as a self-healing agent. 
Procedure  
o Specimens were immersed for 24hrs in a 1 day old culture of B. Sphaericus containing 
Ca+2 ions (107 cells). Then transferred to a fresh medium containing calcium source. 
The specimens were removed after three days. 
Results 
o The bio cementation process resulted in increased resistance of mortar specimen 
towards carbonation, chloride penetration and freezing and thawing. 
o The process was more efficient with more porous samples (high w/c ratio). 
o The bio deposition treatment on cementatious material can be regarded as a coating 
system. Since carbonate precipitation is mainly a surface phenomenon, due to the 
limited penetration of the bacteria in the porous matrix. 
 
11. Bio- mediated soil improvement: cementation of unsaturated sand samples. Daniel 
Alvarado et al 2009. 
o Current grouting and ground improvement techniques in practice include grouting via 
cement, chemical, compaction, fracture and jet, micro piles, jacket piers, driven piers, 
ground anchors, shoring, soil nailing vibro-compaction, concrete columns and piers. 
Focusing on just grouting, with the exception of sodium silicate, almost all of these 
manmade synthetic chemical grouting techniques are hazardous and/or toxic. 
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o The purpose of this study is to attain strengthened cohesive soil through bio 
cementation, in the attempt to eliminate the risk of liquefaction and generally increasing 
the stability of soil during events such as earthquakes, landsides, etc… 
Procedure 
o Type of bacteria used- Sporosarcina Pasteurii. 
o The main catalyst for the precipitation of calcite and food for the bacteria is the urea 
broth solution (ubroth). Consisting of variable concentrations of NaHCO3, NH4Cl2, 
CaCl2,urea and bacto.(trademarked various blends of nutrients)  
o A standard loose sand may have a shear velocity between 100- 200 m/s. A liquefiable 
soil is any soil falling under a shear velocity of 500m/s. 
o Ph. Is monitored as a technique to check biological activity within the sample, using a 
Ph. Strip. 
o Four 12” cells with 2” internal diameter for preparation of 4.25” tall samples. 
o Test spanned over 48 hrs. 
o Different aggregate used. 
 Ottawa 20-30 sand. 
 50-70 sand 
 Aquarium rock 
 Cameco sand 
o Three hour setting time was observed. 
o Ubroth 1 was peculated through the sample in 1.5 hrs. (0.75 pore volume) and the 
effluents were re percolated again for another 1.5 hrs. 
o Ubroth 2 was peculated in the same manner as previously stated. 
o For the second day the same procedure was repeated.  
Results  
o Most of the test samples showed a shear wave velocity of 500m/s or greater, after 25 
hrs. into the test. 
o Highest shear wave velocity of 1600m/s occurred in Ottawa 20-30 sand (poor grade). 
o Cameco sand sample showed a compressive stress of approximately 300psi and 1.39% 
strain before cracking, approximately 2.3 Mpa. 
 
12. A two component bacteria- based self-healing concrete (Menk  M. Jonkers & Erik 
Schlangen 2009) 
Introduction 
o The aim is to develop a new type of concrete in which integrated bacteria promote self-
healing of cracks. The system used is a two component self-healing system- the 
bacteria and organic compound. Both components are mixed with the fresh cement 
paste, thus becoming an integral part of the concrete. 
o The bacteria based concrete proposed here could substantially reduce maintenance, 
repair and premature structure degradation, which not only saves money but also 
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reduces atmospheric CO2 emissions considerably, as less cement is needed for this type 
of self-healing concrete. 
o Spore- forming alkali- resistant bacteria of the genus bacillus appears promising 
intrinsic agents as their spores, specialized thick walled dormant cells, have been shown 
to be viable for over 200 years under dry conditions. 
o The nature of metabolically produced filler materials could be bio- minerals such as 
calcite (calcium carbonate) or apatite (calcium phosphate). These materials are 
relatively dense and can block cracks, and thus hamper ingress of water efficiently. 
o Particularly for larger cracks to become completely sealed, bulky internal reservoirs or, 
alternatively, on intrinsic transportation mechanism is needed. 
Procedure 
o In system one only bacteria are incorporated in the cement stone matrix, while the bio-
mineral precursor compound was provided externally. The second system comprised 
the cement stone matrix in which both components of the healing agent were 
incorporated. 
o Bacillus Pseudofirmus were cleaned from culture residues by repeated centrifugation 
and suspension of cell pellet in clean tap water. 
o Three different organic compounds, peptone, calcium lactate and calcium glutamate, 
which could be used both by bacterial strains as energy and carbon sources for growth. 
o Cement stone specimen (4 x 4 x 4 cms) 
o Water/ cement ratio 0.4. 
o Bacterial cement stone specimen were prepared by mixing tap water washed bacillus 
Pseudofirmus cell suspension with cement in a similar water/ cement ratio. The number 
of bacteria cells used amounted to 5.8 108 cms-3 cement stone. 
o In cooperation of a high number of bacteria appeared to have a mildly negative effect 
on compressive strength development, as bacterial test specimens appeared to be 10% 
weaker than control specimen at all test times. 
o Incorporation of peptone resulted in a catastrophic development as initial strength (3 to 
7 days curing) was already less than 50% of the control, prolonged curing resulted in 
even lower compressive strength.  
o Calcium glutamate showed a 25% lower level when compared to the control. 
o Addition of calcium lactate did not significantly affect strength development, as the 
values were only slightly lower or higher than the control specimen. 
o The specimens with only incorporated bacteria but incubated in sodium glutamate plus 
yeast extract amended medium appeared to produce copious amounts of precipitates 
which formed plate like aggregates on specimen crack surfaces. It was concluded that 
the precipitates (not plate shaped) that appeared in the control (no bacteria) were rich in 
organic carbon and possibly represented precipitated glutamate and/ or yeast extract 
derived organic compounds. In contrast to the plate like precipitates appeared enriched 
in calcium carbonate as the Ca/C ratio of these were closer to one. 
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o Here evidence has been obtained that at least one such component calcium lactate as 
well as high number of bacteria can be incubated in the material without significantly 
compromising material strength properties. 
o In practice, an integrated two component healing system such as bacteria plus calcium 
lactate may not always be needed. Particularly concrete in wet environments, such as 
marine or sub-surface structures may be exposed to present bacteria and/ or organic 
compounds dissolved in ingress water. However, as environmental conditions very 
widely, types of locally present bacteria and inorganic compounds may not result in 
formation of crack filling products, but instead exert a negative influence on the 
concrete matrix or embedded steel reinforcement. 
o Here, it has been shown that incorporated bacteria can produce copious amounts of 
calcium carbonate enriched precipitates from sodium glutamate present in water. 
However substantial less mineral production was observed when both healing 
component, bacteria and calcium lactate, were incorporated. A reason for this 
phenomenon may be that calcium lactate added to cement paste mixture may have 
become completely integrated in the material matrix and thus not accessible for 
bacterial conversion later on. 
 
13. Application of bacteria as a self-healing agent, for the development of sustainable concrete 
(Henk M. Jonkers et al 2008)  
Introduction 
o It is estimated that cement (Portland clinker) production alone contributes 7% to global 
atmospheric CO2 emissions. 
o In order to reduce the production cost, several industrial by-products such as fly ash, 
silica fume and blast furnace slag are nowadays commonly used as clinker(cement) 
replacements in concrete mixtures. 
o The main goal of this research project was to test the applicability of alternative 
metabolic mineral –producing pathways by bacteria which are truly incorporated in the 
concrete matrix. 
Procedure  
o The matrix of fresh concrete is highly alkaline particularly due to the formation of 
portlandite (calcium hydroxide) which is after calcium-silica-hydrate quantitatively, the 
most important hydration product of ordinary Portland cement. Typically characterized 
by Ph. values between 11 and 13. 
o The most promising bacterial agents for incorporation in the concrete matrix therefore 
appear to be alkaliphilic, spore forming bacteria. As the concrete matrix is toxic due to 
ingress oxygen, incorporated bacteria also need to be oxygen tolerant. Bacteria with 
such properties exist in genus Bacillus (bacillus Cohnii and bacillus Pseudofirmus). 
o Bacteria culture mix used- medium composition: 5g peptone, 3g meat extract, 0.42g 
NaHCO3 per liter distilled water; pH 9.7, manganese was added to enhance sporulation.  
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o  Preparation of cement stone test specimen: Ordinary Portland cement was mixed with 
aliquots of tap water in a water/ cement ratio of 0.4 to 0.5. Bacteria containing 
specimens were prepared by addition of washed spore suspensions replacing part of the 
makeup water. Liquid paste was poured into the moulds, gas tight sealed and cured at 
room temperature. The curing time of test specimens depended on the type of 
experiment done. Bacterial specimens contained 1-10 x 108 spores cm-3 cement stone. 
o Organic compounds used: yeast extract, peptone, calcium acetate, calcium lactate. 
o Cement stone specimens (4 x 4 x 4 cm)and with incorporated bacterial spores(1 x 108 
cm-3 B. Cohnii spores)plus calcium lactate (0.5% of cement weight) prepared with a 
water/ cement ratio of 0.5 were broken to pieces after 7 or 28 days curing. Pieces were 
subsequently incubated in tap water at room temperature for 8 days where after mineral 
formation at crack surfaces were determined by environmental scanning electron 
microscope. 
Results 
o Pore diameter size classes in the test samples: 0.01- 0.1 and 0.1-1 µm. A clear shift in 
relative abundance from large pores in young specimens in apparent. 
o Compressive strength tests showed that addition of different potential healing agents to 
the cement paste mixture had widely varying effects on ageing specimens. The majority 
of added organic compounds resulted in significantly reduced strength development. 
o Therefore, the addition of smaller quantities of mineral precursor compounds will 
probably result in autonomous repair of micro (<1mm diameter)but not in healing of 
larger (macro) cracks. 
o The minerals are likely calcium carbonate based and form due to bacterial metabolic 
conversion of calcium lactate according to the following reaction. 
o CaC6H10O6 + 6O2  CaCO3 + 5CO2 + 5H2O 
o The yield of calcium carbonate based minerals will even increase when produced CO2 
molecules react with portlandite (Ca(OH)2) minerals which are quantitatively important 
hydration products of cement particles,> according to: 
o 5CO2 + 5CaCO3  5CaCO3 + 5H20 
o The later reaction homologous to carbonation, a slow process that naturally occurs in 
concrete due to inward diffusion of atmospheric carbon dioxide, which rate is 
substantially enhanced by the metabolic conversion of calcium lactate. 
 
14. Strength and deformation of biologically cemented sandstone (van Paassen et al 2009) 
Introduction  
o A field scale experiment within 12 days 40m3. 
o Length of 5m between 3 injection points and 3 extraction points. 
o CO(NH2)2 + 2H2O  2NH4+  + CO32- 
o Ca2+ + CO32-  CaCO3 
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o The calcium carbonate crystals enhance the material strength by forming bridges 
between the grains or coatings on the grain surfaces at the contact points. The reduction 
in porosity and permeability are limited. 
o Correlations were established between CaCO3 content dry density and strength. 
Strength tests were performed at several confining pressures to define failure criteria 
and drive the parameters required for engineering design. 
Procedure 
o A concrete container (8.0m x 5.6m x 2.5m) was filled with sand of average dry density 
1560kg/m3. 
o A suspension containing the ureolytic bacteria, Sporosarcina Pasteurii, and solutions 
containing reagents urea and calcium chloride were injected sequentially in batches 
through three injection wells at a distance of 5m, with a flow rate of approximately 
1m3/h. 
o The core samples were tested for: unconfined compressive strength, triaxial 
compressive test and tensile strength. 
Results 
o Excavation of the field scale experiment showed that about 40m3 of the sand was 
cemented, stretching over the full length 5m. 
o The contours of the cemented sand body were limited by the induced flow field. Within 
the cemented sand body CaCO3 was not uniformly distributed. Lenses were formed 
with CaCO3 content varying from 0.8 to 25% of total dry weight. 
o The collected block samples also showed significant variability. Within each block, 
zones were observed in which grain size, pore size, porosity or density and CaCO3 
content significantly varied. 
o The biologically cemented sand showed typically stiff and brittle deformation behavior 
during compression tests, similar to previous studies on naturally and artificially 
cemented sands at low confining pressures. 
o Peak strength was obtained within less than 10% axial strain. 
o The relatively low strength and low Poisson´s ratio compared to natural sandstone 
might be a result of the difference in diagenesis. As many natural sand stones have been 
subjected to high stresses, while being buried for a very long time. The origin of 
cementation is often attributed to pressure solution or bio-geo-chemically induced 
dissolution and re-precipitation combined with groundwater transport. 
o When these sand stones are unloaded by geological uplift or by sampling, a stiffer, 
more elastic axial response and higher Poisson´s ratio is expected than for the 
biologically cemented sands, which are cemented under nearly unconfined conditions 
close to the surface. 
o At failure the broken cores entirely lost cohesion at grain scale within a narrow zone 
around the failure plane, or throughout the whole core in case failure planes were 
absent. The loss of cohesion became even more apparent after drying the cores in the 
oven. It was also observed on other weak sandstones. 
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o The often observed vertical orientation of failure planes indicates that the cores might 
have been subjected to lateral tensile stresses. 
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15. Envisioned advantages (Jason T. DeJong et al 2008) 
 
• Reduced costs - use of natural materials, reduced treatment injections, etc.  
• Reduced impact to the environment - use of natural materials that do not permanently alter 
subsurface conditions  
• Improved treatment uniformity - biological processes have potential to enhance spatial 
uniformity  
• Optimal treatment concentration - degree of treatment can be controlled and monitored  
• Adaptable duration - treatments can be removed if only temporary support needed (e.g. by 
reversal of chemical processes)  
• hydraulic and mechanical control - degree of treatment can be adjusted. 
• Flexible implementation - methods can be used in new and retrofit construction. 
• Penetration into soils w/ fines - cells are typically 1-3µm in size and self-mobile.  
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16. Vision of the potential applications Jason DeJong et al (2010) 
Green wall Sahara,  
An anti-desertification alternative that consists of stabilizing a 6000km reach of sand dunes 
across northern Africa,- proposed by Magnus Larsson. One quarter of the world´s land mass, 
which is home to more than one billion people across 100 countries is threatened by 
desertification. 
 
Biologically aided carbon sequestration  
This is enabled by pedogenic carbonate precipitation which occurs near plant roots exudates in 
highly alkaline soil, may be an untapped naturally occurring reservoir primed to address this 
global issue. Plants exude 10-30% of the carbon captured from the atmosphere, by 
photosynthesis, through their roots and associated mycorrhizal fungal associations. Any 
compound in the root tissue may be released into the soil in the form of an exudate, thus root 
exudates are a complex material composed of poly-saccharides, proteins, phospholipids, cells 
that detach from the external layer of the root and many other compounds. Respired CO2 and 
organic acid anions that naturally decompose and can react with calcium rich silicates within 
soils are of particular interest. David Manning and others have documented that this process 
occurs naturally in soil at brownfield sites. It may be possible to re-sequester a portion of this 
carbon into the subsurface through the admixing of recycled concrete and furnace slag into the 
soil, used for non-food crops and urban vegetation. 
o Ca+2 + HCO3- + OH- --> CaCO3 + H20  
o Ca+2 + 2HCO3-          --> CaCO3 + H20 + CO2  
 
Multi-functional infrastructure design components 
o Reinforcing coils by bio cementing using bacteria to generate mineral precipitates. 
o Stabilizing surface soils with plants. 
o Controlling surface and ground water flow by manipulating hydrogeological properties 
of soil. 
o Decontaminating the surface water infiltrating the soil by bioremediation. 
o Capturing carbon dioxide by in situ inorganic precipitation of carbonate minerals. 
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